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1Precision Medicine in the Intensive Care 
Unit: Identifying Opportunities 
and Overcoming Barriers

T. L. Palmieri and N. K. Tran

1.1  Introduction

Is precision medicine really precise? Precision in medicine can only be achieved 
with precision diagnostics. Unfortunately, barriers, such as access to clean elec-
tronic medical data, accurate and precise laboratory tests, and a propensity to over 
simplify complex pathophysiology, hinder this transformation to achieve the ‘four 
Ps’ of precision medicine: Personalized, Preventive, Predictive, and Participatory.

The rapid evolution of intensive care medicine has resulted in advancements for 
integration of technology with disease pathophysiology. The result: improved thera-
peutics and reduced patient mortality and morbidity. However, current medical 
practice is predicated on the Cnidarian School of Medicine, a three-tiered approach 
consisting of: (1) patient evaluation and disease diagnosis; (2) comparison and 
matching to a similar patient population via databases or data sets; and (3) initiation 
and monitoring of treatment [1]. As such, treatment is reactive and compartmental-
ized; intensivists initiate therapy for a specific organ system after disease identifica-
tion. The ultimate success of treatment, however, relies on the interaction between 
the individual, the disease and the treatment. For example, infection is diagnosed by 
obtaining a sample of the infectious source, identifying an inciting organism, and 
choosing an antibiotic based on culture results in a petri dish. The efficacy of that 
treatment is dependent on the patient, the organism, the therapy, and the interaction 
among the three. Current paradigms tend to underestimate the variability and com-
plexity of the system.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-06067-1_1&domain=pdf
mailto:tlpalmieri@ucdavis.edu
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The four pillars of precision medicine allow healthcare to be proactive and pre-
dictive, enabling clinicians to address the patient-disease-therapy triad by develop-
ing targeted patient and disease-specific therapies [2]. Initial precision medicine 
endeavors focused on oncology, an arena in which genetic biomarkers transformed 
therapeutic interventions [3]. Molecular oncology has created a better understand-
ing of malignancies and identified exploitable targets, such as human epidermal 
growth factor receptor 2 (HER2), for therapy. However, application in intensive 
care, which represents a significant health burden, has been far slower. This is due 
to multiple factors, including the complex nature of critical illness in an intensive 
care unit (ICU), poor characterization of patient populations (generalized defini-
tions), lack of informatics that integrate physiologic data with laboratory and genetic 
data, timeliness of usable data analysis, and appropriate clinical trial platforms that 
can capture discreet patient populations [4]. However, the ICU, housing patients 
with the greatest severity of illness, also has the greatest opportunity for benefit for 
improving both patient survival and quality of life while also containing cost. The 
purpose of this chapter is to present a framework for application of precision medi-
cine in the ICU and introduce potential current challenges and future areas of con-
flict that may arise.

1.2  Definitions

Clarity in definitions is essential to any discussion of medical treatment para-
digms. Perhaps the greatest example is the definition of the ‘critically ill’ patient 
by the United States (US) Food and Drug Administration (FDA)—it does not 
exist! How can a disease be studied or targeted if it is not well defined? Further 
exacerbating the challenges faced by intensivists in defining the ‘critically ill’ 
population is the variation of the definition between institutions. In 2015, US 
hospitals were faced with a dilemma involving the intended use of point-of-care 
blood glucose monitoring systems. At the time, no blood glucose monitoring 
device was approved by the FDA for use in critically ill patients, and point-of-care  
glucose monitoring in these patients was considered off label use. Due to the lack 
of a definition of critical illness, hospitals were stymied in trying to conform to the 
regulations and risked citation by regulatory agencies including the Centers for 
Medicare and Medicaid Services (CMS).

Another definition challenge has been the transformation of the term individual-
ized medicine, to personalized medicine, to now, precision medicine. Although per-
sonalized medicine has many overlapping features with precision medicine, 
personalized medicine and precision medicine are distinct concepts. The concept of 
personalized medicine, introduced in the early 2000s, was partially developed in 
response to the completion of the human genome project. As such, personalized 
medicine emphasizes specific analyses for unique treatments for each individual 
patient [5]. Essentially, the personalized medicine model is an N-of-1: individuals 
receive customized treatment designed specifically for them. Precision medicine, on 
the other hand, is characterized by tailoring medical treatment to patient 

T. L. Palmieri and N. K. Tran
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characteristics, i.e., classifying individuals into subpopulations with different sus-
ceptibilities, disease biology and/or prognosis, or response to treatment. Hence, the 
model is 1-of-N [6]. Accurate identification of subgroups, likely by genomic, 
metabolomic, proteomic, and immunologic data, will be essential for the success of 
the precision medicine model.

Due to the complexity of critical care and the multifaceted nature of the ICU 
environment, it is important to distinguish populations based on prognosis versus 
prediction. Prognostic patient selection involves the selection of patients with a 
greater chance of a disease-related event, such as mortality, whereas predictive 
selection involves selection of patients more likely to respond to an intervention 
based on biological mechanisms associated with a disease [7]. Prognostic precision 
medicine examples predominate in sepsis [8]. Predictive precision medicine is 
advancing rapidly with the advent of pharmacogenomics, allowing for the more 
targeted use of antibiotics in sepsis [9]. Both forms will be needed in the ICU set-
ting. The most logical approach is to first define patient subpopulations followed by 
the use of targeted therapies designed for that population.

1.3  Diagnosis

One of the more exciting aspects of precision medicine in the ICU is its potential to 
identify subgroups with similar disease states or outcomes based on biomarkers. A 
range of critical illnesses are defined by syndromes or clinical signs which may or 
may not be caused by a single underlying disease, including acute respiratory syn-
drome (ARDS), sepsis, acute kidney injury (AKI) and delirium [10]. Sepsis trials, 
in particular, have suffered from this syndromic issue. Unfortunately, although bio-
markers have been proposed to define a host of clinical conditions ranging from 
sepsis [11] to AKI [12], all have lacked the specificity necessary to define study 
populations.

Additional challenges with diagnosis include significant variation within labora-
tory testing methodology. Modern medicine has often taken for granted what is 
being tested. For example, a serum lactate cut-off of 2 or 4 mmol/L has often been 
used as part of sepsis protocols. However, the lack of standardization of lactate as a 
test is an underappreciated limitation. Ridenour et  al. reported that many lactate 
tests differ significantly as values approach 4 mmol/L [13].

Even cardiac troponin (cTn), a very common biomarker of myocardial injury, is 
not standardized. Differences between cTnI and cTnT are well known, but, the ref-
erence materials (National Institute of Standards and Technology Standard 
Reference Material 2921) for manufacturers are native cTn-ICT ternary complexes 
[14]. However, biologically, cTn could exist as dimers, trimers, and monomers—
each with a different epitope targeted by various assays. Thus, cTnI between differ-
ent manufacturers are different as illustrated by their 99th percentile cut offs. In 
summary, to achieve precision medicine, we must also achieve precision laboratory 
testing. Table 1.1 shows the intrinsic differences between different common critical 
care tests based on the assay used to perform the test.

1 Precision Medicine in the Intensive Care Unit: Identifying Opportunities…
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1.4  Treatment

Several studies have used biomarker data to identify predictive cohorts that would 
respond to a therapeutic intervention. For example, several groups have analyzed 
biomarkers in ARDS to predict responsiveness to positive end-expiratory pressure 
(PEEP) and fluid management [22, 23]. However, the more precise identification of 
subtypes may make prospective trial conduct problematic, as the number of patients 
eligible for a study will diminish. Trials will require a greater number of participat-
ing centers, more advanced screening methods, longer conduct times, and different 
trial methodologies to achieve statistical significance.

1.5  Potential Conflicts/Weaknesses

Why has the adoption of precision medicine in the ICU been slower than in oncol-
ogy? Perhaps the most intuitive argument is the lack of a clear well-defined target 
(disease process and subpopulation). Oncologists can target a cancer molecular sig-
nature in a specific organ or system. Patients in an ICU are admitted for diverse 
problems ranging from sepsis to cardiac failure, traumatic or burn injury to postop-
erative cardiac care. As such, ICU patients often have multiple potential targets. For 
example, a patient admitted with a closed head injury has frequently sustained other 
injuries (such as hemorrhagic trauma or burns) and/or has multiple organ system 
dysfunction, which could lead to conflicts in treatment. Should a patient with a 
closed head injury and major burn be treated with massive fluid resuscitation to 
address the burn injury or with fluid restriction to minimize intracranial edema? 
Precise treatment of one disease may have no effect or may even adversely impact 
morbidity and mortality from another medical issue. Precision medicine may assist 
in formulating an answer to such questions, but the answers will be late in coming, 
as the precise treatment of the index injuries or diseases must occur prior to deter-
mining the best treatment for combined problems. Although clinicians have made 
tremendous progress in the identification of pathophysiology of illness, the under-
standing of the complex interplay among multiple medical issues remains elusive in 
many medical conditions commonly encountered in the ICU.

In addition, one therapy may alter the efficacy of another. Perhaps the best exam-
ple of this occurred at the end of the twentieth century. Two landmark studies, the 
TRICC (Transfusion Requirements in Critical Care), which reported that stable ICU 
patients could be maintained at a hemoglobin of 7 g/dL as opposed to the traditional 
10 g/dL [24], and Van den Berghe’s intensive insulin therapy study [25], which sug-
gested that tight glycemic control improved outcomes in critically ill patients, were 
published. As a result, many critically ill patients were treated with both a restrictive 
transfusion policy and tight glycemic control. However, clinical practice combining 
the two strategies had a different outcome. Tight glycemic control did not yield the 
benefits that were reported in the randomized trial. The subsequent NICE SUGAR 
study suggested harm using tight glycemic control [26]. Why? First, there was a dis-
tinct difference in the types of patients enrolled. The Van den Berghe study enrolled 
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a very specific subpopulation, whereas the NICE-SUGAR trial had much broader 
enrollment criteria. Second, and equally important, the methodology for glycemic 
control (i.e., point-of-care glucose testing) used by most clinicians for glucose moni-
toring in NICE-SUGAR differed from that used in the Van den Berghe trial (serum 
glucose). Unbeknownst to the NICE-SUGAR investigators at that time, point-of-
care glucose monitoring overestimated serum glucose levels by as much as 20% in 
anemic patients, likely creating unrecognized hypoglycemia in the cohort [27]. The 
application of the TRICC trial restrictive transfusion policy, in which ICU patients 
have sustained anemia, may have influenced the outcomes for patients also treated 
with tight glycemic control. Independently both strategies worked. Together they did 
not. Is tight glycemic control beneficial? The answer will require an in- depth under-
standing of the metabolomics of various forms of critical illness and subsequent 
application of targeted strategies to address the clinical variations. The application of 
precision medicine to the ICU will need to carefully consider the potential conflicts 
inherent in treating multiple different medical issues simultaneously.

The intersection of the TRICC trial and the glycemic trial also illustrate another 
important concept: precision medicine in the ICU will require standardization of 
sample collection, storage, testing and reporting; assurance of quality and reproduc-
ibility of test results; timely reporting of clinically applicable results; and clear 
delineation of test results in a format that clinicians can understand and apply. 
Recent reports from the precision method Surgical Critical Care Initiative (SC2i) 
have attributed data quality as the largest hurdle to the development of a comprehen-
sive precision medicine program [28]. Even today, clinicians are bombarded with 
test results that need to be integrated to treat patients. Yet key elements remain 
unstandardized. Lactate is but one example. Lactate is currently measured using 
different platforms. However, no reference method or traceable material exists for 
lactate, resulting in non-standardized testing [13]. This is compounded by the influ-
ence of pre-analytic factors, such as testing delays and interfering substances, which 
can falsely elevate lactate levels. As a result, lactate measurements may vary by as 
much as 1.5 mmol/L for values >2 mmol/L [29]. The use of lactate in clinical trials 
should carefully evaluate the platforms used as well as the timing of sample analysis 
to assure comparable results between centers and platforms. Knowledge of how 
samples are analyzed and what they mean will be essential if precision medicine is 
to be ‘precise’. Standard operating procedures, use of certified clinical laboratories, 
specimen storage protocols and quality assurance for every step of the laboratory 
analytic process will need to be employed not just for clinical samples, but for 
metabolomics, genomics, biomarkers, and other testing methodologies.

1.6  Pharmacokinetics

One of the core principles of precision medicine is delivery of the right treatment at 
the right dose at the right time. Understanding pharmacokinetics, pharmacogenom-
ics, and pharmacokinetic variability among critically ill patients will help guide 
appropriate medication administration in the critical care setting. Changes in 
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pharmacokinetics are both drug-specific and time sensitive and are often influenced 
by other treatment modalities. For example, hypothermia reduces phase I cytochrome 
P450 metabolism, thus increasing concentration of drugs (such as fentanyl, mid-
azolam) that are metabolized using this system [30]. In contrast, the metabolic rate 
of severe burn patients is more than doubled, resulting in augmented renal clearance 
of many agents [31]. Effective dosing of antimicrobial agents as well as narcotics 
requires drug doses far exceeding the ‘normal’ standards. Drug interactions may also 
influence pharmacokinetics of a given agent. Concomitant administration of medica-
tions may increase, decrease or offset the effect of any given agent. This can be par-
ticularly problematic in the ICU, as patients receive multiple different agents. 
Critically ill burn patients, for example, receive, on average, more than 40 agents, 
many of which interact with each other [32]. Pharmacogenomics, which evaluates 
the influence of patient genomic makeup on pharmacokinetics and pharmacodynam-
ics, will likely play a major role in future ICU precision medicine practice.

1.7  Data Collection and Analysis

Regardless of the type of patient being studied, the data acquired in precision medi-
cine efforts will include not just patient physiologic and ‘routine’ laboratory analyses 
(such as electrolytes, blood counts) but also genomic, proteomic, metabolomic and 
transcriptome data; biomarkers; and data from other sources. Current electronic 
health records are fraught with inconsistent and inaccurate data due to both machine 
and human limitations. Data recording, integration, and interpretation will require 
quality assurance prior, during, and after data integration into a centralized data 
repository. New data management and analytic techniques (including machine learn-
ing) will be required to integrate the data sources and develop valid, clinically mean-
ingful, and actionable data with which to treat patients. One of the keys to successful 
implementation of precision medicine in ICU patients is consistency in data acquisi-
tion, storage and reporting. This will require a level of collaboration far beyond what 
has occurred in medicine to date. In addition, how data are analyzed will need to be 
standardized. Study results can also vary depending upon how informatics is used.

Precision medicine will require fundamental changes in the conduct of clinical 
trials. Specific requirements will include development of trial methodologies that 
streamline collaboration to generate sufficient data for studies of smaller, better 
defined patient cohorts; additional time allotted to complete patient enrollment, and 
different trial platforms employing computer-based learning to maximize output 
from any given trial. One promising methodology, the registry-based randomized 
controlled trial (RRCT) uses data collected for other reasons, such as registry data, 
to identify appropriate targets for trial enrollment [33]. The RRCT can be used to 
identify patients who already meet pre-specified enrollment criteria (with their asso-
ciated built-in screening, data capture and outcomes measurements), thus identify-
ing new subjects for consent. This type of methodology is designed to optimize 
patient enrollment and increase collaborations among centers. In essence, the RRCT 
can use prognostic precision medicine to assign patients to different predictive 

T. L. Palmieri and N. K. Tran



11

therapeutic options. Another potential new trial design is the platform trial, which 
uses response-adaptive randomization to test multiple treatments in a pre-specified 
patient group. The system uses Bayesian analysis to identify effective treatments for 
specific patient subgroups [34]. Ineffective treatments are eventually discarded, as 
are patient groups that do not benefit from a given treatment. Essentially, the plat-
form trial system is an example of computer learning applied to clinical trials.

1.8  The Future

The key to successful implementation of precision medicine in the ICU is collabora-
tion. Different disease processes are in different stages of precision medicine devel-
opment, particularly with respect to subgroup identification and delineation. For 
example, oncology has identified subgroups based on genomic markers; sepsis uses 
broad-based physiologic definitions; trauma and burn patients are categorized on 
the basis of injury characteristics. Each has unique cohort identification require-
ments and will require a different strategy to develop meaningful subgroup analysis. 
Informed groups consisting of clinicians, biostatisticians, basic scientists, epidemi-
ologists and pharmacologists need to gather for the major disease processes to 
delineate the current state of the disease process, identify the key steps needed to 
identify subpopulations for prognostic marker testing, and map out the initial course 
to define prognostic markers. Concurrently, biomarker development at both the 
bench and clinical level should continue to validate subgroup selection and study 
conduct for the given subgroup, as biomarker development requires time for devel-
opment, testing and implementation.

Just as disease states need to be defined, so do data capture and processing. 
Consistent and coherent data analysis will rely heavily on the development of a uni-
versal critical care ontology that can accommodate specialty-specific topics so that 
data gathered are all based on the same foundation [35]. Currently different hospitals 
use different electronic health records, each with a unique structure. Harnessing the 
power of the electronic health record to gather physiologic data requires either all 
programs to use the same data capture system (unlikely) or the development of algo-
rithm-based programs that can extract common data elements from multiple differ-
ent data sources and collate data into a consistent, analyzable database. These data 
will then need to be combined with biomarker data, including genomic, metabolomic 
and proteomic data. Database development teams consisting of informaticists, bio-
statisticians, scientists and clinicians will need to unite to complete this challenging 
process, which will be essential to the development of precision medicine.

1.9  Conclusion

The vision for precision medicine in the ICU has been articulated. The goal is visi-
ble on the horizon. However, the road leading to the vision is unpaved, the ground 
is rocky, the path crooked and the construction team has not yet been assembled. 

1 Precision Medicine in the Intensive Care Unit: Identifying Opportunities…



12

Success will depend on collaboration, strategic resource utilization, funding avail-
ability, flexibility and patience. New technologies and trial designs will need to be 
created. Collaborations will need to be extended. The traditional medical paradigm 
will need to change. The ICU team has the dedication and capability necessary to 
complete the journey. We just need to take the first step.
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2.1  Introduction

Recent developments in healthcare data availability, advanced analytic algorithms, 
and high-performance computing have produced incredible enthusiasm about a new 
age of data-driven healthcare [1–8]. When it comes to clinical care specifically, 
‘precision delivery’ is an emerging term to describe the “routine use of patients’ 
electronic health record (EHR) data to predict risk and personalize care to substan-
tially improve value” (Table 2.1) [7, 9, 10]. While clinical risk prediction tools have 
a long history in critical care, novel machine learning applications can offer 
improved predictive performance by maximally leveraging large-scale, complex 
EHR and other data [5]. Perhaps, even more importantly, these approaches may help 
overcome the problem of heterogeneity, which is routinely noted to be a hallmark of 
critical illness as well as a major barrier to improved treatment [11–13]. In this 
chapter, we discuss the overarching concept of ‘precision delivery’, the important 
balance between clinical risk prediction and personalization, and the future chal-
lenges and applications of data-driven critical care delivery.
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2.2  A Changing Landscape: The Fourth Industrial 
Revolution

In God we trust; all others must bring data. (frequently attributed to W. Edwards Deming)

Klaus Schwab, the founder of the World Economic Forum, notes that we are in 
the midst of a rapid societal upheaval driven by technological advances that are 
evolving at an exponential, rather than linear, scale [14, 15]. Prior industrial revolu-
tions were marked by incredible achievements yielding the steam engine, the light 
bulb, the telephone, the internal combustion engine, the personal computer, and the 
internet. Today, the Fourth Industrial Revolution is heralded by advances in data 
availability, mobile computing, machine learning and artificial intelligence, robotics 
and autonomous vehicles, energy innovation, and nano- and bio-technology. Given 
the pace and complexity of change driven by these technological advances, it 
remains unclear how this revolution will impact societies and individuals. However, 
we are already bearing witness to rapid disruptions of existing industries and norms 
driven by expanded uses of data to risk stratify individuals and tailor actions to suit 
their needs.

Familiar examples of these disruptions outside of healthcare include the Amazon 
recommender system which uses item-based collaborative filtering algorithms 
when a customer is preparing to purchase a specific item to identify other ‘related’ 
items that are likely to be of interest [16]. This and other innovations have already 
altered the landscape of consumer purchases. Similar systems are also in place at 
Netflix, whose suite of algorithms seek to deliver the ‘Netflix experience’ by com-
bining prediction and recommender systems that leverage personal interests, prior 
viewed content, and temporal trends in activity [17]. This approach has allowed 
Netflix to target content development to highly-specific subgroups and vastly 
increase the viewable or ‘effective’ size of their library even within narrow genres. 
Similar algorithmic approaches are used in applications like advertisement targeting 
software to surface the most relevant marketing content based on prediction algo-
rithms using background browsing data.

Table 2.1 Key domains and concepts underlying the potential of precision delivery in critical 
care

Key domains Concepts
Electronic health 
record (EHR) data

Granular EHR data are becoming increasingly ubiquitous in healthcare 
and these data can now be used routinely to inform data-driven 
approaches to clinical care delivery

Risk prediction Machine learning algorithms can facilitate the use of complex, 
multi-faceted EHR data to improve the performance and capability of 
risk prediction models across many adverse outcomes of interest

Personalization Machine learning can also be used to identify underlying subgroups 
within a heterogeneous cohort of at-risk patients allowing for treatments 
to be maximally targeted towards responsive subgroups

Improved value When embedded within well-defined clinical pathways and delivered at 
the right moment, targeted care can improve outcomes while also 
reducing unnecessary resource utilization across large populations of 
patients
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2.3  Precision Delivery in Healthcare

In healthcare today, precision delivery describes a similar process for leveraging data-
driven predictive approaches to improve the value of clinical care [9]. Rapid expan-
sions in the availability of health data driven primarily through the increasing ubiquity 
of EHRs and other key emerging data sources (e.g., sensors, -omics), along with 
advances in machine learning algorithms have improved the performance and capabil-
ity of contemporary risk stratification models. Machine learning algorithms can rapidly 
sift through voluminous and complex data to find clinically-relevant risk strata by 
applying computationally-intensive statistical modeling at scale [18, 19]. These risk 
models can then be used to improve the personalization of patient care by identifying 
patient subgroups in whom specific interventions can have the maximum impact, or 
those in whom specific interventions are unlikely to offer any benefit. Precision deliv-
ery is based on using this prediction-personalization approach, deployed at precisely 
the right moment in clinical treatment, to drive improved clinical outcomes [10]. At the 
same time, given the rapid rise in healthcare expenditures in the United States and in 
many other nations, the hope is that the precision delivery model can control or even 
reduce healthcare costs through improved patient targeting.

2.4  Critical Care: A Risk-Based Specialty

It is important to note that risk prognostication is not a new concept in medicine and 
has long been used to identify patient groups who might benefit from specific, tar-
geted interventions [20]. Indeed, one could argue that the field of critical care arose 
as a byproduct of risk prognostication: a system in which patients with key observ-
able criteria portending a high risk of imminent death (e.g., vital signs, traumatic 
injury, organ failure) were identified and triaged to a setting of increased monitoring 
and clinician staffing [21].

Given this history, it comes as no surprise then that the field of critical care has 
also been a leader in the development of clinical risk stratification models [22–24]. 
Highly robust mortality models developed decades ago, prior to the routine use of 
personal computers, continue to be widely used today. For example, the Acute 
Physiology and Chronic Health Evaluation II (APACHE II) scoring system, pub-
lished in 1985 and based on 12 routine physiologic measurements [25], remains a 
common risk stratification system used even for contemporary, high-profile ran-
domized controlled trials. Similarly, the Sepsis-related/Sequential Organ Failure 
Assessment (SOFA) score from 1996 [26, 27], continues to play a key role in sever-
ity of illness assessment as well as in the definition of sepsis [28].

2.5  Novel Capabilities with Improved Data 
and Computation

Critical care already has a robust history of risk prognostication, but recent innova-
tions in data and computation provide several new opportunities (Table 2.2). First, 
the breadth of data available for incorporation into prediction algorithms has 
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expanded tremendously, owing to the transition from pen and paper recording of 
data into automated EHR-based data collection. Thus, while simpler hand- calculated 
models continue to be calculated and used even in modern EHR systems (e.g., the 
Model for End-Stage Liver Disease [MELD] score), most newer prediction models 
now incorporate a considerably larger set of variables or ‘features’. In general, these 
models show improved predictive capability, at least when measured by standard 
quantitative performance metrics like test error rates, area under the receiver operat-
ing characteristic (AUC) curves, or positive predictive values [1, 2, 5].

However, the expansion of variables available for model inclusion, or the ‘feature 
space’, brings with it new challenges related to finding robust data signals within the 
noise. This is an area in which machine learning excels, because algorithms can be 
used to empirically identify the most relevant subset of variables in a model (i.e., 
dimensionality reduction) as well as to apply non-parametric modeling approaches to 
complex data that account for non-linear relationships between variables [18, 19]. For 
example, gradient boosted trees, which iteratively combine many individual weaker 
decision trees based on random subsets of data to improve classification, have shown 
robust performance across many different types of clinical risk prediction challenges.

This use of machine learning algorithms does not come without cost. 
Computationally-intensive platforms are often needed to implement advanced model-
ing strategies, particularly in large databases. However, the cost of these platforms has 
decreased tremendously while their availability has also increased rapidly, largely 

Table 2.2 Potential capabilities available through improved platforms for data collection, analy-
sis, and computation

Domain Improvements
Electronic health 
record (EHR) data

Increasing routine collection of health data within the EHR fosters a 
vastly increased breadth of data available for incorporation into clinical 
risk prediction models. In general, models developed with expanded 
data have shown improved predictive performance

Variable subset 
selection or 
dimensionality 
reduction

With a vastly increased set of variables, or ‘feature space’, the risk of 
identifying random associations increases. Machine learning algorithms 
can be used to statistically identify the most relevant variables to a 
specific problem of interest

Non-parametric 
modeling

Traditional risk prediction algorithms largely depended on linear 
modeling, which places potential limitations on interactions between 
complex data elements. Improved computation platforms allow for more 
flexible modeling approaches to maximally leverage EHR data. 
However, they may also decrease the interpretability of prediction 
models

Real-time predictive 
modeling

As greater numbers of risk prediction models are incorporated within 
EHR systems, the incremental costs of additional calculations are small 
(when compared with the costs of manual calculation). This allows for 
multiple models to be calculated for each patient, as well as multiple 
time points for model updating (e.g., every minute, hour, or day).

User-friendly 
systems

Alarm fatigue and distractions already plague clinicians working in 
high-acuity settings. By tuning model parameters at the development 
and deployment stages, models can be embedded within clinical 
workflows to enhance, rather than distract, clinical care
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offsetting these concerns in all but the most complex scenarios. There is also an impor-
tant trade-off between the ease of model development or scoring and the ability to 
interpret and apply the risk predictions themselves [19]. While some methods, like 
decision tree-based models, offer moderate degrees of intelligibility (i.e., the ability to 
understand which variables are driving predictions), others, like the deep learning neu-
ral networks recently used by Google [29], are considerably more challenging to inter-
pret. Traditional linear models, including logistic regression, have generally shown 
weaker predictive performance in recent comparisons but offer the advantage of allow-
ing for high degrees of intelligibility and potentially easier technical implementation. 
In some cases, extensions of linear models, like penalized logistic regression models—
designed to identify the subset of variables which maximally contribute to prediction—
have shown similar performance to other non-parametric approaches [18].

In addition to the advantages afforded by an expanded universe of potential vari-
ables and more flexible modeling approaches, the widespread uptake of EHRs and 
mobile computing has facilitated the deployment of real-time risk scoring and dis-
play without requiring significant additional manual effort. Thus, the incremental 
operating costs associated with using an EHR-based system to simultaneously cal-
culate and display 100 risk models compared with only a single model may be rela-
tively modest. This would certainly not be the case for individuals who might have 
to manually calculate and record 100 risk scores for each patient every hour.

This flexibility offers further opportunities to deploy risk models that are more 
user-centric and aligned with the so-called “5 rights of clinical decision support” [30]: 
providing the right information, to the right people, in the right format, through the 
right channels, and at the right time. Given that all clinicians, and in particular those 
operating in high-acuity environments like the intensive care unit (ICU), are already 
vulnerable to alarm fatigue and distractions, few would be excited about using an 
EHR system that simultaneously displayed 100 risk scores for each patient [31]. 
Instead, a more sustainable approach would be to allow risk prediction scoring to 
occur silently in the background, with specific alerts only surfacing when a key alert 
threshold has been crossed or users actively seek out the information. A car dashboard 
offers a familiar example outside of healthcare of a data display that has remained 
remarkably focused over many decades, despite the tremendous increase in the num-
ber of onboard computers constantly surveilling specific automotive functions.

2.6  Current Risk Prediction Applications in Critical Care

As described above, critical care already has numerous models designed to predict 
hospital mortality [22, 23]. Recent machine learning-based models incorporate a 
variety of newer elements including variable transformations, time-series data, and 
unstructured data from clinical documentation (Table 2.3). While these have con-
tributed to some improvement in predictive performance, in many cases, the incre-
mental gains have been modest and of uncertain benefit for clinical practice [32–34]. 
The capabilities available through natural language processing (NLP), a field that 
leverages computational approaches for understanding text-based, unstructured 
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documents like clinical notes or pathology reports, are now in wide use outside 
healthcare. However, the advantages of NLP in predictive models for patients who 
already have ‘high-density’ structured data available during hospitalization (i.e., 
frequent physiologic, laboratory, and treatment data) remain unclear [35].

Another active area of risk prediction relevant to critical care includes risk mod-
els designed to identify ward patients with a high likelihood of imminent deteriora-
tion [36, 37]. Again, many simpler scores (e.g., the Modified Early Warning Score 
[MEWS]; National Early Warning Score [NEWS]) have already seen widespread 
use within routine clinical workflows. Broadly speaking, more advanced scores 
(e.g., Advance Alert Monitor [AAM]; electronic Cardiac Arrest Risk Triage 
[eCART]; Rothman Index) demonstrate modest to moderate levels of improvement 
compared to existing models [38–42]. Where they are likely to excel is in their abil-
ity to reduce the number of false positives that trigger the need for clinical workup 
when compared to simpler models. Given the clinical burden imposed by the need 
to workup false positive alerts to find a single ‘true positive’ case, favorable reduc-
tions in the ‘workup-to-detection ratio’ or the ‘number needed to screen’ could have 
considerable downstream benefits on clinician sustainability and uptake.

Other areas of active focus include risk prediction models designed to accelerate 
the identification, triage or treatment of sepsis patients [43–50]. Although several 
reports suggest that use of risk prediction models has contributed to large reductions 
in sepsis-related mortality, it is unclear whether the described benefits actually 
accrue from the quantitative risk stratification (i.e., the relative improvement in the 
discrimination and performance of the model itself versus other screening criteria) 
or from the increased attention to sepsis and the clinical workflow alignment that 
becomes essential when an alerting system is turned on (i.e., the creation of a team- 
based standardized process for screening, identification, treatment, escalation and 
hand-off). Even prior to the advent of real-time predictive models, similar reduc-
tions in sepsis adverse outcomes were previously reported as part of system-wide 
quality improvement efforts.

Table 2.3 Balancing prediction and personalization in precision delivery by leveraging super-
vised and unsupervised machine learning approaches

Prediction Personalization
Goal Precisely quantify the risk of 

experiencing an adverse outcome, while 
minimizing the false-positive rate 
associated with a given risk alert 
threshold

Identify subgroups of patients from a 
diverse at-risk group who would 
respond to specific targeted 
treatments

Machine 
learning 
approach

Supervised learning approaches fit a set 
of model variables to a pre-defined 
outcome of interest

Unsupervised learning approaches 
surface latent subgroups based on 
identifying underlying patterns and 
associations

Examples ICU mortality
Early warning scores
Sepsis ‘sniffers’

Subgroups responsive to statin 
therapy in acute respiratory distress 
syndrome; steroids in pediatric 
septic shock
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In addition to these focus areas, a growing number of models are targeted towards 
increasingly prominent problems facing patients with acute and critical illness 
including the development of brain dysfunction or delirium [51–54], acute kidney 
injury (AKI) or organ failure [55–63], respiratory failure or acute respiratory dis-
tress syndrome (ARDS) [60–63], extended length of stay and post-ICU sequelae of 
severe illness [33, 64–66], and specific infectious types or complications (e.g., 
Clostridium difficile) [66–69]. Over the coming years, we will almost certainly see 
extensive growth in the development, reporting and testing of numerous predictive 
models incorporating EHR data with machine learning techniques to predict non- 
mortality outcomes.

2.7  Heterogeneity: The Hallmark of Severe and Critical 
Illness

Given the fundamental role that risk stratification has played in the birth and growth 
of the critical care specialty, the field is naturally suited to develop and deploy 
diverse risk models. However, while implementing broad risk prognostication tools 
to trigger protocolized care approaches has improved outcomes, our ability to fur-
ther improve outcomes is pushing up against substantial limitations [11, 13]. In 
particular, the failures of numerous randomized controlled trials intended to identify 
novel pharmaceutical treatments for key ICU conditions like sepsis and ARDS has 
been particularly vexing.

There has been growing recognition that underlying heterogeneity in critical care 
patients represents a major barrier to the identification of specific treatments that 
can be targeted to responsive subgroups. Thus, while intense focus is currently 
placed on developing risk prediction models (i.e., a scale that quantifies each 
patient’s risk for some adverse outcome like mortality, readmission, unexpected 
ICU transfer or chronic critical illness), the emerging frontier must focus on risk 
personalization models (i.e., models which predict the likelihood that a patient sub-
group will respond to a specific therapy). To contextualize this concept within the 
framework of precision delivery, much more attention now needs to be shifted to the 
latter half of the prediction-personalization paradigm.

2.8  Unsupervised Machine Learning Approaches 
and Personalization

Fortunately, this is another area in which machine learning has shown excellent 
promise [18]. The development of standard risk prediction models focuses on using 
supervised learning methods in which model input variables are fit to a known out-
come variable in a training dataset and then subsequently to a test dataset. However, 
to uncover potentially actionable subgroups within a high-risk cohort, unsupervised 
learning approaches—in which input variables are known but there is no 
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corresponding pre-defined outcome variable—can be used to identify subgroups 
based on a variety of similarity or association metrics (Table 2.3).

For example, although mortality risk models are widely used in critical care to 
identify the sickest patients, they do not necessarily identify the patients most 
likely to benefit from a specific therapy. For example, even if a model perfectly 
predicts a cohort of patients as having a mortality risk of 32%, it could easily fail 
to distinguish patients who would be harmed or helped by liberal fluid administra-
tion. Similarly, even if early warning scores perfectly predicted impending adverse 
outcomes, they do not offer any insight into whether individual deteriorating 
patients would benefit most from improved respiratory support, vasopressor use 
or infection control.

Because unsupervised machine learning approaches can be used to identify or 
unmask underlying subgroups within a diverse sample, they have tremendous 
potential to help characterize the heterogeneity that is currently seen as a barrier 
to both identifying new treatments and applying treatments to individual patients. 
By leveraging high-dimensional statistical associations and pattern recognition 
they offer promise for effectively uncovering latent groupings that might be ame-
nable to targeted treatment. However, because even the number of potential sub-
groups partitioned can vary wildly based on the unsupervised modeling approach 
and their specific parameters, it can be challenging to definitively establish the 
validity of the output. Emerging research is now demonstrating the power of using 
unsupervised approaches within existing clinical trial data to confirm that latent 
groups surfaced through statistical approaches differ in their responsiveness to 
specific treatments [70, 71]. It is likely that these unsupervised approaches will 
hold particular utility when they are paired with granular prospectively collected 
data where specific treatments are assigned through randomization and where 
machine learning methods can be used to evaluate heterogeneity in treatment 
effects.

2.9  Considerations: Assessing the Value of Increasing 
Model Performance

While there is great enthusiasm about the routine use of risk prediction models in 
healthcare, the incremental value of building and deploying ever higher-perform-
ing models remains unclear. As it stands today, there are very few clinical deci-
sions, particularly in the inpatient setting, that are strictly based on precisely-defined, 
narrow risk thresholds—for example, a theoretical situation in which a highly 
accurate model predicting a risk of kidney injury of 23% would always prompt a 
different action than a risk of 29%. In most clinical situations, decisions are typi-
cally made across broader strata (e.g., mild, moderate or high risk categories), in 
part, because we often have only a limited menu of interventions available. Thus, 
investments allocated to achieving a model with an additional 1–2% in discrimina-
tive performance might instead be better spent on improving local calibration, per-
sonalization, technical implementation, workflow alignment or new model 
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development. However, the tradeoff between increases in model predictive perfor-
mance and their translation into improved personalized care or outcomes remains 
poorly characterized.

2.10  Considerations: Moving Beyond Clinical Data

In this chapter, we have focused primarily on clinical data available through the 
EHR; however, heterogeneity in critical illness arises from diverse sources includ-
ing temporal trajectories of illness, genetic predisposition, immune status and 
mechanisms of disease. A growing set of technologies (e.g., sensors, gene expres-
sion, immune profiling, biomarkers, -omics, nanotechnology) are improving our 
ability to precisely and dynamically characterize patients along these axes of het-
erogeneity. As these tools become increasingly available outside research settings, 
they are likely to drastically improve the performance of risk prediction models and, 
more importantly, personalization approaches. At the same time, early-stage clinical 
risk prediction models are likely to continue to serve an important gatekeeper role 
in deciding which high-risk patients would benefit most from additional more 
focused, and likely more costly, testing.

2.11  Considerations: Risk Prediction Model Fatigue

In some instances, real-time risk prediction models have already been shut down 
because they are perceived to be contributing to alert and documentation fatigue 
without improving clinical care. For example, sepsis models designed to accelerate 
early identification in the emergency department may result in alerts that arrive after 
clinicians have already begun treatment for sepsis. Similarly, a model designed to 
target delirium, which frequently alerts after clinicians have already initiated treat-
ment or prevention measures, may be viewed as overly burdensome or frankly use-
less. Thus, careful collaboration between end-users, model designers and technical 
implementation teams is needed to ensure that risk models improve value for clini-
cians, while minimizing burdens. In the model development phase, risk prediction 
models should be tuned to minimize false positive rates. Once the models have 
begun deployment, they can be initially set to alarm at high specificity risk thresh-
olds while clinicians are gaining experience with their predictions, with gradual 
decreases in specificity once confidence and familiarity have been established.

2.12  Considerations: Workforce Development and Artificial 
Intelligence

The current precision delivery framework demands clinicians who can contextual-
ize risk prediction alerts and personalize a patient’s care at a precise moment in their 
illness. While clinicians receive general training in biostatistics, they often fail to 
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understand how concepts like specificity or false positive rates actually translate 
into clinical decision-making. Thus, as risk models become as routine in clinical 
practice as laboratory tests, ongoing workforce education and training remain 
essential to ensuring that risk predictions are used correctly. Into the future, the 
inevitable progression towards artificial intelligence agents—computing systems 
which continuously improve and learn while also having autonomy over their 
actions and interventions—will continue and is likely to fundamentally alter health-
care delivery.

2.13  Conclusion

The foundation of critical care is a risk stratification approach to identify patients 
with the highest risk of imminent mortality who require enhanced triage and treat-
ment. Although critical care practitioners have long contributed to the development 
of robust risk prediction models, emerging advances in data availability and machine 
learning offer new potential for improvement. Precision delivery describes a para-
digm that incorporates a prediction-personalization approach to clinical care, facili-
tating the delivery of targeted interventions at the precise moment. Although much 
attention is currently focused on building risk prediction models, there is an urgent 
need to employ machine learning approaches to understand heterogeneity among 
critically ill patients. Unsupervised learning approaches can be used to unpack het-
erogeneity and improve targeted treatment for responsive subgroups. When embed-
ded within careful workflows that minimize burdensome alerting, precision delivery 
holds the potential to greatly improve the value of healthcare into the future.
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3.1  Introduction

Recent decades have seen an increase in the number of patients living with cancer. 
This trend has resulted in an increase in intensive care unit (ICU) utilization across 
this population [1]. Acute respiratory failure is the most frequent medical complica-
tion leading to critical illness in oncologic patients [2–4]. Historically, there has 
been a reluctance to admit cancer patients to the ICU given their poor outcomes, 
particularly in the setting of hematologic malignancy and invasive mechanical ven-
tilation [5]. ICU treatment limitations or refusal of admission was advocated [6]. 
Major advances in oncologic care, critical care and more meticulous attention to 
where the conditions overlap, have resulted in marked improvement in short-term 
survival in this population [1, 7, 8]. Despite these major advances, acute respiratory 
failure in this population remains complex with unique challenges surrounding 
diagnosis and management compared to the general ICU population. This chapter 
provides a comprehensive overview of acute respiratory failure in the oncologic 
population and highlights specific considerations for the intensivist. We will focus 
on the important differences between the immunocompromised oncologic patient 
and general intensive care population, the spectrum of causes of acute respiratory 
failure with a specific focus on toxicities related to newer cancer therapies, diagnos-
tic approach, management and an up-to-date overview of prognosis.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-06067-1_3&domain=pdf
mailto:Laveena.munshi@sinaihealthsystem.ca


32

3.2  The Evolution of Oncologic Critical Care over Time

Historically, candidacy for oncologic treatment was reserved for early stage disease 
across functional patients with minimal comorbid conditions. Recent advances in 
oncologic care have resulted in (1) earlier detection of malignancies; (2) a broader 
range of available therapies across different stages of disease; (3) gentler therapeu-
tic options for the aging population living long enough to be diagnosed with cancer; 
(4) precision medicine/targeted therapies; and, most recently, (5) engineered T cells 
that have the ability to re-program the immune system to recognize and attack can-
cer cells [8–10]. This paradigm shift in cancer care has not been free of new chal-
lenges for the medical community. With these advances comes a higher rate of 
critical illness. While most oncologic admissions to the ICU are planned post- 
surgical admissions, the profile of those being admitted for medical indications is 
changing. Infectious acute respiratory failure and sepsis remain the leading causes 
of medical-oncologic ICU admissions; however, we are seeing a surge in elderly 
patients presenting with disease- or treatment-associated critical illness and unique 
toxicities associated with newer therapies. As oncologic care is becoming more 
complex with intensive regimens, newer therapies and higher volumes, certain cen-
ters are developing specialized ICUs for the management of cancer patients, recog-
nizing a need for critical care support and expansion of oncologic critical care 
knowledge. Table 3.1 highlights some of the recent advances in oncology and the 
critical care implications of these changes.

3.3  Differences Between Oncologic and Non-oncologic 
Patients

While trying to define the characteristics and outcomes of acute respiratory failure 
in the oncologic population it is important to consider why this patient population is 
different to a non-oncologic ICU group. We feel the key differences are associated 
with (1) their immunocompromised state; (2) higher risk of non-infectious causes of 
acute respiratory failure; and (3) potential greater risk of frailty at the time of critical 

Table 3.1 Advances in oncologic care and the implications for critical care

Advance New critical care challenges
Earlier detection of 
disease

Increased number of patients with cancer
Earlier treatment with potential toxicities causing acute respiratory 
failure

Novel and more effective 
treatment options

Known/unknown toxicities causing acute respiratory failure with 
uncertainty in optimal management (example pulmonary toxicity 
due to immune check point inhibitions)

Treatments with reduced 
toxicities for advanced 
age

Older patients with more comorbidities receiving treatment and 
admitted to ICU

Sustained cancer control Shift from an acute to a chronic disease model
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illness. Oncologic patients are usually considered to be immunocompromised. This 
can be a result of the underlying disease (e.g., acute leukemia with functional neu-
tropenia) or secondary to the treatment (e.g., patient with solid tumor after chemo-
therapy). Although the mechanisms leading to immunosuppression are different 
across all oncologic patients, these patients all share an increased vulnerability to 
develop common community-acquired and opportunistic infections. Furthermore, 
the underlying cause of acute respiratory failure in this population can also be non- 
infectious (direct involvement by the tumor or treatment-related toxicity), making 
the differential diagnosis even more challenging particularly when infectious/non- 
infectious causes occur concurrently.

Oncologic patients often exhibit frailty because of their complex trajectory 
through their disease, exposure to recurrent hospitalizations, risk of nutrition inter-
ruption or impairment, and possible exposure to corticosteroids. This state could put 
them at higher risk in the face of invasive procedures.

It is important to note that the characteristics and outcomes of critically ill onco-
logic patients differ in those with hematologic malignancies and those with solid 
tumors. Patients with hematologic malignancies are more frequently admitted with 
higher acuity conditions, whereas patients with solid tumors are more frequently 
admitted perioperatively [4]. In the subset of solid tumor patients admitted with 
medical-induced critical illness, their characteristics and outcomes mirror the gen-
eral ICU population to a greater degree than those with hematologic malignancies 
[1]. This difference is attributable to the more profound and prolonged nature of 
immunosuppression across the hematologic malignancies, making such patients 
more vulnerable to bacterial, viral and invasive fungal respiratory infections. 
Furthermore, patients with hematologic malignancies also face a higher risk of non- 
infectious respiratory complications than those with solid tumors given the height-
ened doses of cytoreductive/myeloablative therapies, and a higher risk of immune 
reconstitution reactions.

3.4  Causes of Acute Respiratory Failure in Oncologic 
Patients

Acute respiratory failure in the oncologic population can be broadly classified as 
infectious and non-infectious. The latter can further be categorized into disease- 
related or treatment-related. The clinician needs to keep a broad differential and 
always consider the coexistence of more than one cause as is seen in 15–20% of 
cases [4]. Table 3.2 outlines the differential diagnoses to consider in the oncologic 
population.

3.4.1  Infectious

Oncologic patients face an increased risk of community-acquired and opportunistic 
infections, which can be secondary to bacteria, virus and fungi. The lung is a 
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frequent site of infection in patients with cancer. The underlying predominant defi-
cit in the immune system can help narrow the differential of potential pathogens. It 
is important to note that the clinical presentation of pulmonary infections in this 
population frequently presents atypical features.

Neutropenic patients face a higher risk of infections caused by staphylococcus 
species, Gram-negative bacilli and fungal agents, mainly if neutropenia persists. 
Aspergillus species are the most frequent fungal etiology of pneumonia in neutrope-
nic patients, followed by Zygomycetes and Fusarium.

In patients with impaired cell-mediated immunity, the spectrum of pulmonary 
infections is different. Intracellular bacteria, such as Listeria, Nocardia and 
Legionella species, should be considered in this setting. Mycobacterial infectious 
are also common in patients with cellular immune dysfunction.

Beyond community-acquired viral pathogens, pulmonary viral infections spe-
cific to this group include cytomegalovirus (CMV). CMV usually presents diagnos-
tic challenges due to the potential colonization of the airway without established 
infection. Pneumocystis jirovecii pneumonia is a common opportunistic infection in 

Table 3.2 Classification of respiratory failure in oncology patients

Predominant 
site of 
involvement Infectious

Non-infectious

Disease-related Treatment-related
Airway Extrinsic upper airway 

obstruction
Bronchial invasion
Bronchial obstruction

Anaphylactic reactions 
to chemotherapy or 
targeted therapies

Lung 
parenchyma

Bacterial, fungal, viral 
infections

Direct lung invasion by 
the tumor
Leukostasis

Cardiogenic pulmonary 
edema
Immune checkpoint
Inhibitor toxicity/other 
medication-associated 
pneumonitis
CAR T-cell induced 
lung injury

Acute respiratory 
distress syndrome
Pulmonary hemorrhage 
(secondary to infection/
necrotizing pneumonia)

Pulmonary hemorrhage 
(secondary to direct 
tumor invasion)

Acute respiratory 
distress syndrome
Alveolar hemorrhage

Vascular 
disorders

Angioinvasive 
aspergillosis

Thromboembolic disease
Carcinomatous 
lymphangitis

Pleura and chest 
wall

Empyema Malignant effusions
Chest wall tumors
Malignant ascites or 
bowel obstructions

Nervous system Paraneoplastic 
neuropathy/myopathy
Spinal cord involvement

Chemotherapy 
associated 
polyneuropathy

CAR chimeric antigen receptor
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patients with cell-mediated immune dysfunction. Originally described in patients 
with human immunodeficiency virus (HIV) infection, it has been increasingly rec-
ognized as a common pathogen in patients with hematologic malignancies and solid 
tumors. Recently, Azoulay and colleagues reported the results of a multivariable 
risk prediction model to assist with the early recognition of P. jirovecii pneumonia 
in patients with hematologic malignancies. The variables in this score included age, 
lymphoprolipherative disorder, P. jirovecii pneumonia prophylaxis, timing of symp-
toms and ICU admission, the presence of shock and radiological findings [11].

3.4.2  Non-infectious: Disease-Related

Disease-induced acute respiratory failure can arise from multiple mechanisms and 
accounts for approximately 10% of cases [4]. Direct tumor invasion or extrinsic 
compression by tumor cells can be seen in carcinomatous lymphangitis, leukostasis, 
malignant pleural effusions, bulky mediastinal malignancies and tumor cell embo-
lism [2]. Furthermore, pulmonary embolism should always be suspected when 
assessing the causes of acute respiratory failure in an oncologic patient, particularly 
in the absence of radiographic evidence of infiltrates.

3.4.3  Non-infectious: Treatment-Related

There is a wide range of treatment-associated pulmonary complications. The inci-
dence of treatment-associated lung toxicity across studies evaluating acute respira-
tory failure in immunocompromised patients is 3.4–10% [12, 13]. The predominant 
mechanism of lung injury stems from an exaggerated inflammatory cytokine release 
as a consequence of the drug, its impact on the tumor cell, or an appropriate ‘on 
target’ but ‘off tumor’ effect of targeted treatment [9].

3.4.3.1  Non-infectious: Treatment-Related—Novel Treatments
Immune checkpoint inhibitors (ICIs) are a new group of drugs that have revolution-
ized the treatment of cancer. They work by reprogramming T cells to generate an 
anti-tumor response [14–16]. However, they are also associated with inflammatory 
adverse effects which may range from mild endocrine, dermatologic, and gastroin-
testinal complications to more severe neurologic or pulmonary toxicity. The inci-
dence of severe lung toxicity associated with ICIs is 2% [14, 15, 17]. Pneumonitis 
is considered one of the most common causes of ICI-related death [15]. Pulmonary- 
related toxicity usually presents as pneumonitis at a median time of 3 months post- 
treatment initiation [18]. Earlier and later time periods have been reported [15]. 
Obtaining sputum samples for microbiologic assessment or performing bronchos-
copy with bronchoalveolar lavage (BAL) can help to exclude concomitant infection. 
Treatment includes corticosteroids. Immunosuppressants, such as infliximab, cyclo-
phosphamide and mycophenolate, are recommended by some experts in non- 
respondent patients although this has not been evaluated extensively [14, 15].
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Chimeric antigen receptor-T cell therapy consists of modified T cells infused into 
patients to recognize tumor antigens and initiate an immune attack of cancer cells [9, 
16]. Outcomes across Chimeric antigen receptor-T cell therapy intervention trials 
have been promising for select hematologic malignancies and are projected to revolu-
tionize cancer treatment [10]. Unfortunately, this treatment is associated with cyto-
kine release syndrome, seen in greater than 60% of cases [9]. Its most severe forms 
(grade 3–4 toxicity), reported in approximately 15% of cases, may be associated with 
acute respiratory failure and acute respiratory distress syndrome (ARDS) [9].

3.4.3.2  Non-infectious: Treatment-Related—Tumor Lysis Syndrome
Tumor lysis syndrome is an acute life-threatening condition resulting from mas-
sive release of cell products into the blood [19, 20]. It is usually associated with 
rapid cell death after treatment initiation, but it can also occur spontaneously 
[20]. It is characterized by electrolyte abnormalities (hyperkalemia, hyperphos-
phatemia, hyperuricemia, hypocalcemia) leading to acute kidney injury, cardiac 
arrhythmias and potentially multiorgan failure [19]. Life-threatening acute 
respiratory failure and ARDS associated with tumor lysis syndrome have been 
described [21, 22].

3.4.3.3  Non-infectious: Treatment-Related—Radiation
Radiation-induced lung injury can present as acute radiation pneumonitis (usually 
between 1 and 3 months after irradiation) or as pulmonary fibrosis. The acute form 
usually is self-limiting and responds to corticosteroids whereas the fibrotic form 
responds poorly to treatment.

3.4.3.4  Non-infectious: Treatment-Related—Immune Reconstitution
Immune recovery or immune reconstitution can lead to acute respiratory failure 
and is due to an exaggerated inflammatory response as the immune system recov-
ers from a period of prolonged neutropenia. This has been described after neutro-
phil recovery in hematology malignancy patients or peri-engraftment following 
autologous/allogeneic stem cell transplant. It is theorized that it may be more com-
mon in the setting of an infectious precipitant as is seen in the HIV setting. 
Treatment includes consideration for corticosteroids depending upon its severity. A 
series of other inflammatory conditions exist that can cause acute respiratory fail-
ure and ARDS, such as inflammation induced by the underlying condition (hemo-
phagocytic lymphohistiocytosis) or treatment (differentiation syndrome from 
all-trans retinoic acid for acute promyelocytic leukemia) [23]. The allogeneic stem 
cell transplant patient has a series of unique treatment-associated conditions that 
can induce acute respiratory failure and severe ARDS.  These conditions, range 
from pre-engraftment diffuse alveolar hemorrhage, to peri-engraftment syndrome 
and idiopathic pneumonia syndrome [24–26]. While these occur at different phases 
of the post-stem cell trajectory, the consistent features associated with these condi-
tions include their association with preconditioning regimens and their high mor-
tality in the setting of severe respiratory failure and need for invasive mechanical 
ventilation.

B. L. Ferreyro and L. Munshi
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3.5  Diagnostic Work-Up and Undiagnosed Acute 
Respiratory Failure

An accurate diagnosis is key to guide early prognostication, institution of appropri-
ate therapy, and initiation of necessary supportive care. Recognizing and projecting 
the reversibility of the underlying cause is an important factor in deciding the need 
for monitoring, transfer for ICU admission and eventually the decision for intuba-
tion. This also needs to take into consideration the oncologic diagnosis, pending 
treatments and underlying prognosis. A wide spectrum of differential diagnosis 
should be kept in consideration, including infectious and non-infectious causes and 
the possibility of dual infections or concomitant infections/non-infectious etiolo-
gies. In patients with pulmonary infiltrates, laboratory studies need to be considered 
in light of the type and degree of immunosuppression. The work-up may include a 
series of non-invasive serum and sputum microbiologic tests (sputum cultures, 
induced sputum for P. jirovecii, CMV serum evaluation, serum galactomannan, 
nasopharyngeal swab for viral polymerase chain reaction, etc.); imaging modalities 
(computed tomography [CT] thorax, echocardiography if cardiogenic pulmonary 
edema is considered) and possible BAL for further microbiologic evaluation if no 
diagnosis has been yielded. The routine and upfront use of BAL in hypoxic onco-
logic immunocompromised patients with undetermined lung infiltrates is controver-
sial. Conflicting evidence exists surrounding its safety in patients with high oxygen 
requirements (potentially precipitating endotracheal intubation) [27, 28]; however, 
evidence has demonstrated that given the debatable diagnostic yield, a strategy of 
first pursuing non-invasive tests may be warranted in the appropriate population 
[27]. There may exist a subset of patients for whom the need for BAL as an initial 
diagnostic strategy is warranted at an earlier time point (e.g., to rule out extrinsic 
compression or pulmonary hemorrhage, or to rule out infections with potentially 
toxic treatment profiles). Figure 3.1 outlines an approach to diagnosis.

Finally, despite an extensive diagnostic work up, approximately 13–40% of 
oncologic patients have undiagnosed acute respiratory failure [4, 29]. Undiagnosed 
acute respiratory failure is associated with a worse prognosis. It remains unclear 
whether it is a disease entity within itself or occult infectious/non-infectious etiol-
ogy not appropriately identified. The role of lung biopsy has been considered in this 
population in the setting of acute respiratory failure or ARDS, but, given the immu-
nosuppressed state, frequent thrombocytopenia, risk of bronchopleural fistula in 
light of positive pressure ventilation, and morbidity and mortality with the proce-
dure; it is not pursued frequently [30].

3.6  Management

The mainstays of management of the oncologic patient with acute respiratory failure 
remain rapid identification of etiology and institution of appropriate therapy. This 
therapy may range from antimicrobial coverage for possible infections, chemother-
apy/radiation therapy for disease-induced acute respiratory failure (e.g., leukostasis 
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Fig. 3.1 Diagnostic considerations in acute respiratory failure among oncologic patients
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or airway compression from lymphoma), or corticosteroid/anti- interleukin- 6 (IL-6) 
therapy to blunt inflammation related to possible drug toxicities. Of utmost impor-
tance is the rapid identification of cause and initiation of treatment early in the course 
of acute respiratory failure in order to prevent the development of ARDS or need for 
invasive mechanical ventilation. For disease- associated complications, such as leu-
kostasis or tumor infiltration, historic reservations to initiate chemotherapy in the 
ICU have been dispelled by more recent data demonstrating its feasibility and lack of 
association with increased mortality [31]. While mortality rates across acute respira-
tory failure in this population have decreased (40–70%) [3, 7, 32], there is a subset 
that continue to have an unacceptably high mortality, particularly in the setting of 
invasive mechanical ventilation [32, 33]. The high mortality in the face of mechani-
cal ventilation is likely attributable to (1) more aggressive infectious organisms with 
a higher risk of drug resistance; (2) adverse events of appropriate antimicrobial treat-
ments; (3) an immunocompromised state that delays eradication of the infection; (4) 
difficulty or delays in diagnosis; and (5) a higher risk of frailty—which may subject 
these patients to a higher risk of respiratory muscle weakness prolonging their recov-
ery from critical illness. It remains unclear whether these patients are more suscep-
tible to ventilator- associated lung injury or the harms associated with 
ventilator-associated lung injury. Given an increased mortality in the setting of inva-
sive mechanical ventilation compared to the general ICU population, a subset of lit-
erature has focused on optimal strategies of non-invasive oxygen therapy to prevent 
intubation.

3.6.1  Supportive Care During Early Acute Hypoxemic 
Respiratory Failure

Three non-invasive oxygen strategies have been evaluated in immunocompromised 
and oncologic acute respiratory failure: continuous oxygen therapy, non-invasive 
ventilation, and high-flow nasal cannula (HFNC)—each with unique physiologic 
properties. They are often applied in the setting of severe hypoxemic acute respira-
tory failure in an attempt to prevent the need for invasive mechanical ventilation.

Continuous low-flow oxygen therapy via face mask is the most common mecha-
nism of oxygen delivery in the setting of acute hypoxemic respiratory failure. Its 
greatest limitation remains the limited inspired flow rate (up to 15 L/min). When 
hypoxia is combined with a high work of breathing, entrainment of ambient air 
(which could be liters) from around the mask may result in a dilution of the inspired 
oxygen to the alveoli. This results in insufficient delivery of the intended oxygen 
concentrations to the alveoli. Inability to provide alveolar recruitment and the risk 
of local oxygen toxicity (tracheobronchitis/mucociliary disturbance) are also limita-
tions to this non-invasive strategy.
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Non-invasive ventilation (NIV) has the ability to provide continuous positive air-
way pressure and assist each breath with augmented pressure. The seal generated by 
the NIV interface (via facemask or helmet) permits alveolar recruitment. Two his-
toric trials in immunocompromised patients established biologic plausibility for the 
benefit of NIV compared to continuous oxygen therapy in patients with acute respi-
ratory failure [34, 35]. These trials demonstrated that, in early acute respiratory fail-
ure, the application of NIV instead of continuous oxygen therapy was associated 
with a decreased need for invasive mechanical ventilation and mortality. Given the 
limited generalizability of those historic trials to the populations we manage today, a 
more recent trial by Lemiale and colleagues re-evaluated this question and demon-
strated no difference in outcomes between NIV and continuous oxygen therapy [36].

Humidified HFNC is a novel device for oxygen delivery that allows for higher 
flow oxygen delivery via large bore nasal cannula (40–60 L/min of flow). Theoretic 
mechanisms of benefit include higher flow of inspired oxygen delivery outstripping 
any ambient air that could be entrained, dead space washout, a small amount of 
positive end-expiratory pressure (PEEP) generated and humidification to enhance 
mucociliary clearance. The Florali trial by Frat and colleagues demonstrated 
reduced 90-day mortality with HFNC compared to NIV and continuous oxygen 
therapy across the general ICU population with acute respiratory failure [37]. In a 
post hoc analysis focusing on immunocompromised patients (excluding severe neu-
tropenia), there were no differences with HFNC compared to continuous oxygen on 
rates of intubation but a persistent benefit of HFNC compared to NIV [38]. These 
results are intriguing as it is theorized that it may not be the HFNC per se resulting 
in a beneficial impact, but potentially harm induced by NIV. The median tidal vol-
umes in the NIV arm were 9 mL/kg thus leading the authors to hypothesize that 
ventilator-associated lung injury could be contributing to the increased harm noted. 
The authors, in a subsequent study, found that a PaO2/FiO2 <200 mmHg or tidal 
volumes ≥9 mL/kg were associated with NIV failure [39].

Finally, in a systematic review by Sklar and colleagues evaluating non-invasive 
oxygen strategies in immunocompromised patients, the majority of whom had an 
oncologic diagnosis, seven studies (randomized controlled trials [RCTs] or observa-
tional studies with propensity score matching) were evaluated comparing HFNC to 
conventional oxygen or NIV. Mortality was found to be lower in the HFNC arms 
compared to the pooled oxygen control arms (continuous oxygen therapy or NIV). 
This study was exploratory but warrants further investigation [40].

3.6.2  Supportive Care During ARDS

A secondary analysis of the LUNG SAFE database, an international, multicenter 
observational study of patients with ARDS, was conducted focusing on an immuno-
compromised cohort [29]. Across this cohort, 20% of patients with ARDS underwent 
NIV as their first line supportive management instead of invasive mechanical ventila-
tion. Focusing on observational studies of ARDS across oncology patients, 40–50% 
underwent NIV as first-line [32, 33]. While the original studies evaluating the utility 
of NIV in immunocompromised patients focused on early acute respiratory failure 
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and the role of NIV in preventing the need for intubation, these initial promising data 
has led to NIV creep into more severe subgroups of ARDS [29, 32, 33]. In an obser-
vational study by Azoulay and colleagues evaluating management and outcomes of 
oncologic patients with ARDS, 70% of those who underwent initial NIV, eventually 
failed and required invasive mechanical ventilation [32]. However, high failure rates 
are not consistently reported, as the failure rate noted by Rathi and colleagues was 
40% [33]. Across these two studies—amongst the largest to evaluate ARDS in the 
oncology population—NIV failure was an independent risk factor for mortality with 
mortality rates higher than in patients managed with an initial strategy of invasive 
mechanical ventilation. Given the observational nature of these data, it remains 
unclear whether this increased mortality is due to unmeasured confounders, such as 
higher severity of illness not captured in the multivariable analysis, physician reserva-
tion to intubate based upon subtle patient factors (e.g., frailty) or whether the use of 
NIV was associated with higher tidal volumes resulting in greater lung injury and 
increased mortality in this population. On the contrary, of the 60% who did not require 
invasive mechanical ventilation after NIV in the study by Rathi and colleagues, their 
ICU mortality rates were the lowest (29%) compared to cohorts with an initial strat-
egy of invasive mechanical ventilation (61%) and NIV failure (71%). Given the retro-
spective nature of these studies, future, research should focus on delineating how to 
identify which patient populations, if any, may benefit from a time-limited trial of 
NIV in the setting of ARDS. Until further research, we propose the following manage-
ment algorithm to consider in oncologic patients in the setting of acute respiratory 
failure and ARDS (Fig. 3.2).

Severity of acute respiratory failure

Dyspnea, hypoxia, PaO2/FiO2 >300  mmHg
PaO2/FiO2

≤200  mmHg

Early acute respiratory failure

Acute respiratory distress syndrome (ARDS)

Mild ARDS Moderate ARDS Severe ARDS

Continuous oxygen therapy

High-flow nasal cannula

Non-invasive ventilation

PaO2/FiO2
≤300 mmHg 

PaO2/FiO2
≤100  mmHg

The evidence: No clear superiority of one modality 
over another Some suggestion of increased rates of 
intubation with NIV compared to HFNC/continuous oxygen. 
Possibly driven by higher tidal volumes

Practical approach: Consider continuous 
oxygen therapy as first line. If high FiO2 delivery, 
consider HFNC to minimize risk of local oxygen toxicity.
If high work of breathing, consider HFNC with a 
rapid re-evaluation of response of vital signs 
(heart rate, respiratory rate, FiO2 requirements)
If persistent high work of breathing, consider a 
time-limited trial of NIV with a rapid 
re-evaluation of vitals + tidal volumes

Invasive mechanical ventilation

High flow nasal cannula

Non-invasive ventilation

The evidence: NIV failure in patients with 
ARDS associated with an increased mortality

Practical approach for mild ARDS:
If high severity of illness (vasopressors, dialysis, 
PaO2/FiO2 <150 mmHg) and full ICU in care plan, 
consider invasive mechanical ventilation
Otherwise consider trial of HFNC.

If persistent tachypnea/tachycardia or 
hypoxia consider NIV or IMV.
If NIV chosen–re-evaluate at 1 hour tidal 
volumes, respiratory rate, heart rate. 
If abnormal, consider intubation

The evidence: Patients with a 
PaO2/FiO2 <150 mmHg receiving 
NIV had a higher mortality

Practical approach for 
moderate-severe ARDS:
Consider intubation particularly in the 
setting of high severity of illness.

If NIV chosen-re-evaluate at 1 hour 
tidal volumes, respiratory rate, heart rate. 
If abnormal, consider intubation

Fig. 3.2 Invasive and non-invasive oxygenation strategies for oncology patients with acute 
hypoxemic respiratory failure. NIV non-invasive ventilation, HFNC high-flow nasal cannula; IMV 
invasive mechanical ventilation
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3.7  Prognosis and Future Research Considerations

Historic hospital mortality rates across patients with hematologic malignancy 
developing critical illness were >80% [41]. More recent up-to-date data demon-
strate more favorable short-term prognoses ranging from <10% in the post-sur-
gical oncologic patient, 30–50% in the solid or hematologic malignancy patient, 
to upwards of 60% across allogeneic stem cell transplant patient requiring inva-
sive mechanical ventilation [42–45]. Improved outcomes are likely attributable 
to better patient selection for oncologic and intensive care, advances in antimi-
crobial prophylaxis, infection control and antimicrobial management, earlier 
identification and a better understanding of the causes of acute respiratory fail-
ure and better overall supportive care with more specialized centers/units and 
subspecialists managing these patients. Factors consistently found to be associ-
ated with high mortality in the oncologic critically ill population include age 
and comorbid conditions, poor functional and frailty status, treatment refractory 
graft-vs-host disease in allogeneic stem cell transplant patients, NIV failure in 
the setting of ARDS, invasive fungal infections requiring invasive mechanical 
ventilation and number of organs failed evaluated after 3–5 days of ICU admis-
sion and mechanical ventilation. Early and routine discussions with the oncolo-
gist and patient/substitute decision makers in guiding ongoing care decisions is 
imperative to ensuring that the resources dedicated to the care of this patient is 
bridging them to a meaningful recovery or candidacy for ongoing oncologic 
treatment if indicated [46].

Future research should focus on advancing diagnostic strategies to delineate 
more precisely and rapidly the etiology of acute respiratory failure, strategies to 
blunt pulmonary and systemic inflammation that can result as a consequence of 
otherwise effective cancer therapies, the role of biomarkers in predicting the onset 
of acute respiratory failure, clarifying optimal non-invasive oxygen strategies and 
the role of NIV and finally long-term outcomes across survivors of acute respiratory 
failure.

3.8  Conclusion

With the paradigm shift in cancer care comes a unique host of critical care condi-
tions and challenges for the intensivist. Acute respiratory failure in the oncologic 
host has a very broad infectious and non-infectious differential. Early recognition 
of acute respiratory failure and a thorough evaluation for the etiology is critical to 
preventing progression to ARDS and need for invasive mechanical ventilation. 
Optimal non-invasive oxygen strategies remain unclear. Adherence to pressure- 
and volume-limited strategies remains imperative in this population. Future 
research must focus on better identification of ‘undiagnosed’ acute respiratory 
failure, optimal initial supportive care strategies for mild ARDS and long-term 
outcomes.
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4.1  Introduction

Lung protective ventilation using 6 mL/kg of ideal body weight is the standard of 
practice in patients with acute respiratory distress syndrome (ARDS). The use of 
low tidal volume ventilation was associated with decreased morbidity and mortality 
in the ARMA trial [1]. The use of low tidal volume of 6 mL/kg of predicted body 
weight (PBW) conferred a mortality reduction of 22% [1]. A recent large epidemio-
logic study, LUNG SAFE, demonstrated that not only is ARDS underdiagnosed, 
there is also a significant delay in recognition [2]. There is growing evidence in 
support of the use of low tidal volume ventilation as early as possible in patients 
with acute respiratory failure, both with and without ARDS [3, 4]. Given that as 
many as half of the patients admitted to the intensive care unit (ICU) come directly 
from the emergency department (ED) [5], and many others come to the ICU after 
major surgery, it is important to understand ventilator practices for patients in the 
ED and operating rooms and how these practices in the early part of mechanical 
ventilation may be important to the later outcomes of patients.

In 2014, Sutherasan et al. reviewed the pathophysiology of ventilator-induced 
lung injury (VILI) and the use of protective ventilation using low tidal volume in the 
operating room and the ICU [6]. In this chapter, we will expand upon their review 
by discussing recent findings on the early initiation of low tidal volume ventilation 
in patients without ARDS, patients with respiratory failure in the ED and other spe-
cific clinical situations, and discuss barriers to universal application of low tidal 
volume ventilation.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-06067-1_4&domain=pdf
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4.2  Timing of Low Tidal Ventilation in ARDS 
and in Non-ARDS

Mechanical ventilation can be life-saving in patients with critical illness, but it can 
be injurious too. Invasive mechanical ventilation is helpful if it decreases the work 
of breathing, secures the airway, and assists in gas exchange in acute respiratory 
failure. However, invasive mechanical ventilation is also known to contribute to 
injury of the lung. Ventilator-associated lung injuries include atelectrauma, volu-
trauma, barotrauma, release of reactive oxygen species (ROS) from high oxygen 
content, and biotrauma [7]. Since the ARMA trial demonstrated that lung protective 
ventilation with tidal volumes of 6 mL/kg PBW led to improved survival and more 
ventilator-free days, low tidal volume ventilation to target plateau pressures 
≤30 cmH2O has become the recommended standard of care in patients with ARDS 
[1, 8]. Nevertheless, multiple studies have shown poor recognition and limited com-
pliance with low tidal volume ventilation in patients with ARDS (Fig. 4.1). This 
observation is especially discouraging, as there is growing evidence that earlier ini-
tiation of low tidal ventilation is better than later.

In patients with ARDS, early exposure to low tidal volume ventilation was asso-
ciated with better survival rates than low tidal volume ventilation that was initiated 
later in the course of mechanical ventilation [9]. Needham et  al. followed 482 
patients with ARDS and monitored their tidal volumes over the duration of their 
mechanical ventilation. They found that for every 1 mL/kg increase in initial tidal 
volume beyond 6.5 mL/kg, there was an associated 23% increase in ICU mortality 
[9]. Furthermore, they found that in patients who were exposed to both high and low 
tidal volume ventilation during the course of their mechanical ventilation, the risk 
of ICU mortality was lower among those receiving lower tidal volume early on 
compared to those patients who were ventilated at higher tidal volume initially and 
then adjusted to lower tidal volume. This is in contrast to an earlier retrospective 

ED cohorts [12, 13, 15, 17]:
early initiation 
of LTVV protects against
ARDS and increases use
of LTVV in the ICU

Needham D et al. [9]:
32% get tidal volumes ≤6.5 mL/kg PBW

ARMA Publication of LTVV in ARDS [1]:
LTVV at 6 mL/kg PBW
↓ mortality

Multiple meta-analyses
demonstrating universal LTVV
decreases progression to
ARDS, pulmonary
complications, in hospital
mortality [4, 6, 19, 48].

LUNG SAFE international study [2]:
40% with tidal volumes ≤ 7 mL/kg PBW
≈ 20% with tidal volumes ≤ 6 mL/kg PBW
ARDS recognized in only 34% of patients

2000 2002 2004 2007 2014 2015 2016 2017 2018

Fig. 4.1 Timeline of evolution of low tidal volume ventilation (LTVV). Despite evidence support-
ing the use of LTVV in 2000 [1], the LUNG SAFE study in 2016 [2] still reported low adoption of 
LTVV. PBW predicted body weight, ARDS acute respiratory distress syndrome, ED emergency 
department
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study by Checkley et al., who found that exposure to high tidal volume for 48 h 
before enrollment to an ARDSNet trials was not associated with in-hospital mortal-
ity [10]. However, high plateau pressure within 48 h prior to trial enrollment was 
associated with in-hospital mortality, which suggests that lack of lung protective 
ventilation early in the course of ARDS can affect later outcomes. This study only 
examined patients enrolled into ARDS clinical trials and may therefore suffer from 
selection bias (e.g., patients who died within 48 h or whose family or physicians 
refused enrollment into ARDS trials were not enrolled in these studies and their 
tidal volumes were not measured) and may be insufficiently powered to detect an 
effect from early high tidal volume [11].

Low tidal volume ventilation was also protective against the development of 
ARDS in critically ill patients who did not have acute lung injury at initiation of 
invasive mechanical ventilation [12–17]. In a single center retrospective review of 
patients initially without ARDS who were receiving mechanical ventilation, patients 
with higher initial tidal volume were more likely to meet ARDS criteria within 48 h 
of mechanical ventilation than those with lower tidal volumes [18]. In a study in 
which ICU patients without ARDS were randomized to receive high versus low 
tidal volume ventilation at the time of mechanical ventilation, patients who were 
ventilated at tidal volumes of 10 mL/kg PBW were five times more likely to develop 
ARDS than those ventilated at 6 mL/kg PBW [16]. A meta-analysis of ICU patients 
without ARDS who received low (≤7  mL/kg PBW) versus high (>10  mL/kg of 
PBW) tidal volume demonstrated an increased incidence of pulmonary complica-
tions, such as development of ARDS or pneumonia (adjusted OR 0.72, 95% CI 
0.52–0.98) [19]. There was no difference between patients receiving high and inter-
mediate (between 7 and 10 mL/kg PBW) tidal volumes.

Finally, a retrospective analysis of highly granular electronic health record data 
on tidal volume found that exposure to more than 12 h of high tidal volume (>8 mL/
kg PBW) was associated with increased mortality. Exposure to 8 mL/kg PBW for 
12 or 24 h was associated with increased in-hospital mortality (OR 1.66 [95% CI 
1.15–2.38] for 12 h, OR 1.51 [95% CI 1.08–2.11] for 24 h) [20]. Interestingly, aver-
age tidal volume was not associated with mortality.

Many of these studies are observational. However, a randomized controlled trial 
(RCT) recently compared low tidal volume ventilation of 4–6 mL/kg PBW with 
higher tidal volumes of 8–10 mL/kg PBW in patients without ARDS [21]. The pri-
mary outcome measured was ventilator-free days at day 28 after randomization. 
Other secondary endpoints included ICU and hospital lengths of stay, sedation and 
neuromuscular blockade use, ICU delirium and acquired weakness, pulmonary 
complications, and mortality. The study completed recruitment in 2017 [22].

4.3  Review and Update of Evidence in the Operating Room

A number of RCTs of intraoperative lung protective ventilation in patients without 
ARDS have been conducted, and their results are consistent with the observational 
studies described above. The IMPROVE trial randomized 400 patients with surgical 
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procedures averaging 200 min to receive 10–12 mL/kg PBW without positive end- 
expiratory pressure (PEEP) vs. 6–8 mL/kg PBW with PEEP between 6 and 8 cmH2O 
and regular recruitment maneuvers. The low tidal volume group had less post- 
operative pulmonary (pneumonia, need for invasive or non-invasive ventilation 
[NIV] for acute respiratory failure) and extrapulmonary (sepsis and shock, and 
death) complications [14]. One criticism of this study is that the use of 10–12 mL/
kg PBW is higher than what is commonly used in the operating room [23]. 
Nevertheless, these results indicate that higher tidal volume for even short periods 
of time can result in more postoperative complications even in non-acutely injured 
lungs in patients undergoing surgery.

In surgical patients, tidal volume of 9  mL/kg of PBW was associated with a 
higher incidence of pulmonary complications and hypoxemia in a meta-analysis 
and review by Sutherasan et al. [6]. Higher tidal volume was an independent risk 
factor for multiorgan failure. In this meta-analysis of surgical ventilator practice, 
high tidal volume in the operating room, even for a short time, was associated with 
more hypoxemia, more pulmonary complications, increased time on the ventilator, 
increased ICU and hospital lengths of stay, and increased mortality [6]. Interestingly, 
there was no difference in the development of postoperative pulmonary complica-
tions in surgical patients receiving high PEEP and recruitment vs. low PEEP (≤2 
cmH2O), if the patients were ventilated with low tidal volume (7.2 vs. 7.1 mL/kg 
PBW) [24]. When 19 randomized controlled trials comparing intraoperative venti-
lator strategies were analyzed together in a meta-analysis, low tidal volume (5–8 mL/
kg PBW vs. 8–12 mL/kg PBW) protected against lung injury and pulmonary infec-
tions, regardless of the type of surgery [25].

Despite this evidence, in an epidemiologic study the most commonly used 
tidal volume intraoperatively was “500 mL” [26]. This one size does not fit all 
patients. Using the Centers for Disease Control and Prevention (CDC) data for 
height in the US population, about 10% of men and up to 85% of women would 
be receiving a tidal volume >8 mL/kg if the tidal volume is set at 500 mL [27]. 
By using this commonly set tidal volume, the average woman is exposed to high 
tidal volumes by predicted weight intraoperatively which may explain in part 
why female ARDS patients were more likely to receive high tidal volume venti-
lation in the ICU [28, 29].

4.4  Acute Respiratory Failure in the Emergency 
Department

Acute respiratory failure is a common presentation to the ED.  The ED was the 
source of 45.2% of admissions to the ICU in a large cohort study [5]. Post-intubation 
management, such as confirming endotracheal tube placement with a chest radio-
graph, oral gastric decompression, early sedation protocol, appropriate tidal vol-
ume, obtaining arterial blood gas, and end-tidal CO2 monitoring were associated 
with reduced mortality [30]. However, adherence to these practices in the ED set-
ting has been found to be sub-optimal. The prevalence of ARDS at the time of 
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intubation in the ED is about 6.8–8% [12, 13, 31] but 14–27.5% progress to ARDS 
later on in the ICU [13, 15, 17, 32]. Although the ED is a major source of patients 
with acute respiratory failure requiring invasive mechanical ventilation, the tidal 
volume settings for these patients are highly variable [13, 17]. The tidal volume 
most commonly observed in the ED was 500 mL in a cohort of mechanically venti-
lated patients, suggesting a default “one size fits all” setting similar to surgical ven-
tilator practices [13, 17, 33]. Furthermore, unlike surgical patients who would be 
extubated after their procedure, critically ill patients (even without ARDS) who are 
intubated in the ED will continue to require mechanical ventilation in the ICU, and 
their initial tidal volume and ventilator setting influences how they are ventilated 
subsequently in the ICU [5].

4.5  Therapeutic Momentum: From the ED to the ICU

There is great variability in ventilator practice in the emergency room, and lung- 
protective ventilation is rarely used in patients with or without ARDS [12, 13, 17]. 
Initial ventilator settings in the ED are usually high and highly variable in patients 
with or without ARDS at the time of intubation. In addition, the initial tidal volume 
influences subsequent practice in the ICU. In one ED cohort, only 15% of patients 
received the recommended tidal volume setting at initiation and 41% of patients 
with initially high tidal volumes never had any adjustment of their tidal volumes. An 
additional 44% of patients were exposed to an average of 14 h (standard deviation 
of 16.8 h) of high tidal volumes before the ventilator was adjusted [17]. Similarly, 
in another study, only 10% of the patients initially without ARDS in the ED had 
their tidal volume settings adjusted in a cohort of patients intubated for sepsis who 
later developed ARDS [12]. In a different single center cohort characterizing 
mechanical ventilation practice in the ED, there was a significant correlation 
between ED and ICU ventilator settings [13]. About 42% of patients received the 
same ventilator setting in the ICU as their last ED setting, and up to 28% of them 
had that same tidal volume for the following 24 h. Transition between tidal volumes 
in the ICU was infrequent and high initial tidal volume and admission from the ED 
was independently associated with longer exposure to high tidal volume [20]. Given 
that Sjording et al. reported that exposure to tidal volume >8 mL/kg PBW for 12 h 
or more was associated with increased mortality, this would suggest that the major-
ity of patients intubated in the ED may be exposed to potentially injurious tidal 
volume that is associated with higher mortality [20]. Careful consideration of ven-
tilator settings in the ED can improve compliance with low tidal volume ventilation 
in the ICU.

In fact, there is evidence suggesting that even pre-hospital tidal volume influ-
ences ultimate ICU ventilator settings. Stoltze et al. showed that the use of low 
tidal volume ventilation was rare in a cohort of patients intubated and transferred 
to the study hospital [34]. Although rare, the use of low tidal volume ventilation 
in transfers was associated with a 7.06-times increased likelihood of receiving 
low tidal volumes during hospitalization. However, there was no difference in 
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tidal volume received between patients who subsequently developed ARDS and 
those who did not, as both groups received relatively high tidal volumes (between 
8 and 9 mL/kg PBW).

The Lung-Protective Ventilation Initiated in the ED (LOV-ED) investigators 
tested the feasibility of using a universal lung protective ventilation protocol in the 
ED to reduce the development of ARDS and ventilator associated conditions [15]. 
They performed a systematic implementation of low tidal volume ventilation using 
the ARDSnet protocol, limiting plateau pressure, setting PEEP ≥5 cmH2O and 
increasing PEEP if body mass index (BMI) was high, initiating FiO2 at 0.3–0.4 
instead of 1.0, adjusting respiratory rate between 20 and 30 breaths per minute, and 
keeping the head of the bed elevated. Not only were they able to reduce the tidal 
volume used in the ED, but patients were five times more likely to receive low tidal 
volume ventilation in the ICU after implementation. Using propensity score analy-
sis, there was an absolute risk reduction in ARDS and ventilator associated condi-
tions of 7.1% (adjusted OR 0.47, 95% CI 0.31–0.71) and mortality reduction of 
14.5% (adjusted OR 14.5%, 95% CI 0.35–0.63). Lung protective ventilation in the 
ED was also associated with increased ventilator-free days and shorter ICU and 
hospital lengths of stay. Importantly, there was significant correlation between low 
tidal volume use in the ED and ICU. This study highlights that early implementation 
of best care in acute respiratory failure and critical illness in the ED can influence 
subsequent critical care practices in the ICU and affect later outcomes. One of the 
limitations of this study was that it was a before and after comparison. However, 
time series analysis suggests that there were no systemic temporal changes to 
explain the differences.

4.6  Lung Protective Ventilation After Cardiac Arrest

Cardiopulmonary resuscitation (CPR) with effective chest compression can lead to 
pulmonary injuries, such as lung contusion, atelectasis, aspiration and pulmonary 
edema [35], which are associated with prolonged mechanical ventilation, length of 
stay and higher mortality [35, 36].

Ventilator practices for these patients have evolved in the ICU. The average tidal 
volume has decreased significantly from 9.04 mL/kg PBW to 7.95 mL/kg of PBW in 
these patients [36]. While hypoxemia (PaO2 <60 mmHg) is associated with 28-day 
mortality, high tidal volume and plateau pressure or lower PEEP are also associated 
with ICU-acquired pneumonia or ARDS. A more recent secondary analysis in 2018 
to characterize ventilator practices in the targeted temperature management trial 
cohort found that non-survivors were more hypoxic and had higher respiratory rates 
and higher driving pressures [37]. Survivors and non- survivors of cardiac arrests had 
similar tidal volumes (median 7.7 [IQR 6.4–8.7] mL/kg of PBW), with more than 
60% of the cohort receiving tidal volumes greater than or equal to 8 mL/kg.

Keeping patients within normoxemia (PaO2 70–100 mmHg, SpO2 92–97%) and 
normocarbia/hypercarbia (PaCO2 40–50 mmHg) ranges is recommended for favor-
able neurologic outcomes. As these post-cardiac arrest patients are at risk of 
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developing ARDS and pulmonary complications given pulmonary injury and the 
overall dysregulated state, lung protective ventilation with low tidal volume is also 
recommended [38]. Beitler et al. reported that survivors of out-of-hospital cardiac 
arrest who received tidal volumes ≤8 mL/kg PBW had cerebral performance cate-
gory (CPC) scores of 1 or 2, indicating minor neurocognitive deficit to moderate 
disability, compared with a CPC score >3 indicating severe disability, coma/vegeta-
tive state, or death in those receiving tidal volumes >8 mL/kg PBW [39]. Again, 
although cardiac arrest patients are placed on mechanical ventilation for reasons 
other than primarily pulmonary injuries, they are likely to develop pulmonary com-
plications that can lead to worse outcomes.

4.7  Lung Protective Ventilation in Patients with Increased 
Intracranial Pressure or Traumatic Brain Injury

There are data to suggest that low tidal volume ventilation may also be beneficial in 
patients with increased intracranial pressures, especially if you can avoid hyper- and 
hypo-ventilation. Hyperventilation causes cerebral vasoconstriction and reduced 
cerebral blood volume leading to decreased intracranial pressure [40]. Inappropriate 
hyperventilation post-traumatic brain injury (TBI) can cause secondary ischemia 
during the decreased global cerebral blood flow after the first day of traumatic 
injury. Hyperventilation and hypoventilation (PaCO2 <35 and PaCO2 >45 mmHg) 
on arterial blood gas within 20 min of arrival to the hospital is associated with a 
14-times increased risk of in-hospital mortality. Furthermore, high tidal volume 
ventilation is associated with the development of ARDS after severe brain injury 
[41], and ARDS in patients with TBI is associated with a three-fold increased risk 
of persistent vegetative state and death [42]. High tidal volume ventilation for the 
purpose of hyperventilation is unlikely to be beneficial to patients with TBI.

Some may be reluctant to use low tidal volume ventilation in patients with ele-
vated intracranial pressure, because of concerns for hypoventilation which can 
increase intracranial pressure. However, hypoventilation can often be avoided by 
increasing the respiratory rate when you lower the tidal volume. In an observational 
study, patients with TBI and ARDS tolerated low tidal volume ventilation (between 
6 and 7 mL/kg PBW) and 5–15 cmH2O of PEEP could be achieved without increases 
in PaCO2 just by adjusting the respiratory rate [43]. There was no significant change 
in intracranial pressure or cerebral perfusion pressure. In fact, both systemic and 
brain tissue oxygenation improved with this strategy.

4.8  Perceived Barriers to Low Tidal Volume Ventilation 
in ARDS and Non-ARDS

Despite the evidence supporting low tidal volume ventilation in acute respiratory 
failure with and without ARDS, the application of low tidal volume is not wide-
spread (Fig. 4.1). In the LUNG SAFE study, 35% of ARDS patients received tidal 
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volumes >8 mL/kg. Patients with recognized ARDS received on average 7.5 mL/kg 
PBW, only slightly less than those with unrecognized ARDS (mean 7.7  mL/kg 
PBW) [2]. Similarly, adoption of lung-protective ventilation is also low in the non- 
ARDS population. Approximately 40% of the intubated patients in four academic 
EDs received tidal volume >8 mL/kg PBW [33]. The barriers to using low tidal 
volume ventilation in ARDS and non-ARDS include under-recognition of ARDS, 
inappropriate use of body weight and height, concern for hypercarbia/respiratory 
acidosis and increased sedation requirements [2, 17, 44, 45].

4.9  Under-Recognition of ARDS and Reluctance to Use Low 
Tidal Volume Ventilation in At-Risk Patients with Acute 
Respiratory Failure

A perceived barrier to adapting low tidal volume ventilation is that the patient has 
not met criteria for ARDS on initial endotracheal intubation. Some clinicians may 
feel that low tidal volume ventilation is not indicated in these patients even if they 
are at risk of developing ARDS. This factor, coupled with a lack of recognition of 
when the patient does meet ARDS criteria, can result in under-utilization of low 
tidal volume ventilation in patients with, and at-risk for, ARDS. This is especially 
notable because the initial tidal volume and ventilator practice after intubation can 
affect later outcomes, and the initial practice often persists beyond the ED into the 
ICU for a large proportion of the patient’s duration of mechanical ventilation. Fuller 
et al. suggested making the default setting for tidal volume 6–8 mL/kg PBW in the 
ED for all comers with acute respiratory failure [15]. Clinicians can still adjust the 
tidal volume upwards if they think it is clinically indicated, but that becomes their 
conscious decision. By setting low tidal volume ventilation as the default initial set-
ting, it can serve as a “nudge” for the clinician to use the appropriate ventilator set-
ting in most patients [46].

4.10  Calculation of Predicted Body Weight

The LOV-ED study demonstrated that successful implementation of low tidal 
volume ventilation in the ED setting is possible. In the observational trials on 
mechanical ventilator practices in the ED and surgery, average tidal volume was 
approximately 500 mL regardless of patient height and/or sex [13, 17, 33]. This 
suggests that existing practice uses an empiric ventilator setting, without calcula-
tion of the PBW of the patients. Calculation of PBW can be facilitated by obtain-
ing the actual height from the patients or surrogates whenever possible, otherwise 
by measuring the patient using a measuring tape to obtain proper height. 
Calculation of PBW can be automated within electronic health records and dis-
played whenever mechanical ventilator parameters are entered into the system. 
Although height may be more commonly measured before surgery and for 
patients in the ICU, this is rarely done for patients in the ED. Arming respiratory 
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therapists with tape measures and tidal volume calculator apps on their phones 
may be one strategy to bring consistent ventilator practices to patients in differ-
ent areas of the hospital.

4.11  Concern About Sedation

One argument against the use of low tidal volume ventilation is that patients venti-
lated with low tidal volumes will need more sedation which goes against the current 
best practice to minimize sedation in patients on mechanical ventilation. In a sec-
ondary analysis of the ARMA cohort within a single institution, there was no sig-
nificant difference between the choice of sedative, dose or duration of sedation 
between ARDS patients receiving ventilation with tidal volumes of 6  mL/kg or 
12 mL/kg PBW [47]. Furthermore, multiple meta-analyses indicate that low tidal 
volume ventilation is not associated with increased sedation requirements [19, 48]. 
Serpa Neto et al. evaluated sedation practices using a meta-analysis of non-ARDS 
patients in the ICU receiving low (≤6  mL/kg PBW), intermediate (6–10  mL/kg 
PBW), and high (≥10 mL/kg PBW) tidal volumes. There was no difference in dura-
tion of sedation or the type and dose of medication required for sedation [48].

4.12  Concern About Respiratory Acidosis

Some clinicians are reluctant to decrease tidal volume out of a concern about pos-
sible respiratory acidosis [44]. Alveolar ventilation is dependent on respiratory rate 
and tidal volume. Although decreasing tidal volume may affect ventilation, appro-
priate adjustment of respiratory rate can match the required minute ventilation and 
avoid respiratory acidosis. In situations such as intracranial conditions, where 
hypercarbia should be avoided, adjusting the respiratory rate can match the needed 
minute ventilation [43]. Low tidal volume ventilation in non-ARDS patients in the 
ED was associated with no clinically significant difference in pH and PaCO2 when 
adequate ventilation by respiratory rate adjustment was applied [15].

4.13  Conclusion

Early initiation of low tidal volume ventilation in patients without ARDS decreased 
the risk of developing ARDS, led to shorter lengths of stay, and decreased mortality. 
We advocate the routine use of PBW obtained by height measurement to set the 
initial tidal volume at 6–8 mL/kg PBW with PEEP ≥5 cmH2O on the ventilator for 
patients at risk of ARDS.  Furthermore, oxygenation monitoring is necessary, 
because the clinical presentation can progress to hypoxemia. Early recognition of 
ARDS allows prompt adjustment of tidal volume to ≤6 mL/kg PBW. Implementing 
low tidal volumes in the ED prior to the patient arriving on the ICU is feasible and 
improves compliance with lung protective ventilation in the ICU.
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5Recruitment Maneuvers and Higher 
PEEP, the So-Called Open Lung Concept, 
in Patients with ARDS

P. van der Zee and D. Gommers

5.1  Introduction

The acute respiratory distress syndrome (ARDS) is a hypoxemic syndrome primar-
ily treated using supportive mechanical ventilation. Although mechanical ventila-
tion is life-saving, it can cause ventilator-induced lung injury (VILI). Therefore, the 
goal of mechanical ventilation is to achieve adequate gas exchange while minimiz-
ing lung injury. Multiple mechanical ventilation strategies have been developed to 
limit VILI. These strategies are based on the pathophysiological concept that alveo-
lar overdistention, shear-stress, and atelectrauma (i.e., the cyclical opening and 
closing of unstable alveoli) are possible mechanisms that result in VILI. Targets that 
might aggravate or attenuate VILI, notably tidal volume and positive end- expiratory 
pressure (PEEP), have become the subject of extensive research.

The ARDS Network (ARDSNet) trial aimed to reduce overdistention, if neces-
sary at the cost of suboptimal gas exchange [1]. This trial demonstrated that a ven-
tilation strategy with low tidal volume and limited plateau pressure (Pplat 
≤30 cmH2O) reduced mortality rate. Lachmann proposed to reduce atelectrauma 
and shear-stress by using recruitment maneuvers and subsequent use of higher 
PEEP: the “open lung concept” [2].

The open lung concept, combined with low tidal volume seems appealing from a 
pathophysiological perspective, and has been very promising in experimental ARDS 
models [3, 4]. However, clinical evidence is inconsistent. A meta-analysis compar-
ing higher PEEP (13–15 cmH2O) and low PEEP ventilation strategies reported a 
reduction in mortality rate, but only in a subgroup analysis of patients with moder-
ate to severe ARDS [5]. Another meta-analysis reported a reduced mortality rate in 
patients with ARDS treated according to the open lung concept [6]. Amato and 
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colleagues demonstrated in a multilevel mediation analysis that an increase in PEEP 
reduced mortality rate in patients with ARDS, but only if this resulted in a decreased 
driving pressure [7].

The recent Alveolar Recruitment for ARDS Trial (ART) renewed the controver-
sies about the efficacy of recruitment maneuvers and application of higher PEEP 
levels [8]. This trial reported that a recruitment maneuver combined with higher 
PEEP increased mortality rate in patients with moderate to severe ARDS. It was 
proposed that the overdistention caused by recruitment maneuvers and higher PEEP 
might be more harmful than the shear-stress and atelectrauma it prevents [9]. This 
raises the following question: should we abandon the open lung concept in our 
patients with ARDS?

In this chapter, we will briefly discuss the pathophysiology of ARDS and VILI, 
limitations and indications of the open lung concept, bedside monitoring to guide 
the open lung concept, and airway pressure release ventilation (APRV) as an 
alternative.

5.2  The Pathophysiology of ARDS and VILI

The pathophysiology of ARDS is based on the triad of alveolar-capillary mem-
brane injury, high-permeability (alveolar) edema and inflammation [10]. 
Histologically this is characterized by diffuse alveolar damage [11]. The “baby 
lung” model describes the pathophysiological effects of ARDS, mainly edema, on 
lung mechanics [12]. It is based on observations that atelectasis and edema are 
preferentially distributed to dependent lung regions, whereas independent lung 
regions are relatively well-aerated. The amount of collapse and edema formation 
correlates with ARDS severity. Although intrinsic elasticity of the independent 
lung region is nearly normal, lung function is restricted by the collapsed dependent 
lung region. Because the ARDS lung is small and not stiff, the term “baby lung” 
was proposed [12].

The pathophysiological triad cannot be routinely measured in clinical practice. 
Therefore, arterial hypoxemia and bilateral opacities on chest imaging are used as 
clinical surrogates in the Berlin definition of ARDS [13]. Because the Berlin defini-
tion is not based on pathophysiological criteria, it poses several limitations in clini-
cal research. Only half of clinically diagnosed patients with ARDS have diffuse 
alveolar damage at autopsy [14]. In addition, pulmonary and extrapulmonary insults 
may induce ARDS, both with a different response to PEEP [15]. As a consequence, 
ARDS is a heterogeneous syndrome.

The Berlin definition of ARDS specified disease severity according to the PaO2/
FiO2 ratio at a PEEP level of at least 5 cmH2O. This classification is important, as 
recruitability is dependent on disease severity. However, PEEP has a major effect on 
the PaO2/FiO2 ratio and application of high PEEP could mask ARDS severity. 
Caironi and colleagues [16] reported that 54% of patients with mild ARDS at clini-
cal PEEP (i.e., >5 cmH2O) were reclassified as either moderate or severe ARDS at 
5  cmH2O PEEP.  In addition, the correlation between ARDS severity and lung 

 P. van der Zee and D. Gommers



61

recruitability improved significantly at 5 cmH2O [16]. Therefore, a fixed PEEP level 
should be used to assess disease severity and recruitability.

Injurious mechanical ventilation in experimental models results in diffuse alveo-
lar damage, including interstitial and alveolar edema, hyaline membrane formation, 
and cell infiltration [17]. Therefore, VILI cannot be distinguished from ARDS and 
is potentially the most important insult that sustains or aggravates ARDS. As ARDS 
is characterized by baby lungs, alveolar overdistention of the independent lung is 
considered to be a major contributor to VILI. Initially it was unclear whether high 
tidal volume, high airway pressure, or both resulted in VILI.  Dreyfuss and col-
leagues distinguished tidal volume from airway pressures in a rat model [18]. 
Pulmonary edema formation was assessed after 20 min of mechanical ventilation 
according to the following protocols: (1) high pressure (45 cmH2O) and high tidal 
volume (40 mL/kg); (2) high pressure (45 cmH2O) and lower tidal volume (19 mL/
kg)—lower tidal volume was achieved by a thoracoabdominal strap avoiding chest 
wall distention; and (3) negative inspiratory pressure (iron lung) and high tidal vol-
ume (44 mL/kg). They observed that edema increased significantly in groups 1 and 
3 compared to group 2, indicating that high volume and not high pressure caused 
lung injury. In addition, in a fourth group they reported that 10  cmH2O PEEP 
reduced edema formation.

Protti and colleagues demonstrated the beneficial effect of PEEP in combination 
with a reduced tidal volume [3]. In a pig model, they divided the end-inspiratory 
lung volume (i.e., strain) into a component generated by PEEP (static strain = PEEP 
volume/functional residual capacity) and a component generated by tidal volume 
(dynamic strain = tidal volume/functional residual capacity). Four groups were ven-
tilated with a total strain of 2.5 (close to total lung capacity): (1) VPEEP 0% and tidal 
volume 100%; (2) VPEEP 25% and tidal volume 75%; (3) VPEEP 50% and tidal volume 
50%; and (4) VPEEP 75% and tidal volume 25%. After 54 h, all pigs in the tidal vol-
ume 100% group had died due to massive lung edema, whereas none of the pigs in 
the VPEEP 75% and tidal volume 25% group had died or developed pulmonary 
edema. At the end of the experiment, sudden removal of PEEP in the last group did 
not result in pulmonary edema formation, indicating that the integrity of the 
alveolar- capillary barrier was preserved and PEEP did not only counteract the 
extravasation of plasma. PEEP has a protective effect, but tidal volume should be 
reduced during application of high PEEP levels.

The use of higher PEEP levels is accompanied by an increase in Pplat 
>30 cmH2O. Since the ARDSNet trial reported that a combination of low tidal vol-
ume and a Pplat ≤30 cmH2O reduced mortality rates, physicians are cautious with 
the use of high airway pressures. However, Pplat is exerted over the entire respira-
tory system, including the lungs and chest wall. Chest wall elastance varies widely 
in patients with ARDS and contributes between 20 and 50% to total respiratory 
system elastance (ERS) [19]. A Pplat of 30 cmH2O exerted at a stiff chest wall (50% 
of ERS) results in a transpulmonary pressure of 15 cmH2O, whereas a similar Pplat 
exerted at a normal chest wall (20% of ERS) results in a transpulmonary pressure of 
24 cmH2O. Therefore, Pplat provides little information about the transpulmonary 
pressure, i.e., the distending force on the lung.
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In conclusion, there is sufficient experimental evidence that high tidal volume 
and not high airway pressure is important in the development of VILI. In addition, 
higher PEEP levels are beneficial if tidal volume is reduced in order to limit the total 
strain (overdistention). Thus, a combination of higher PEEP and low tidal volume 
should be applied to reduce the development of VILI.

5.3  The Open Lung Concept

In 1970, Mead and colleagues developed a mathematical model to estimate intra-
pulmonary pressures in a heterogeneously ventilated lung [20]. They stated that at 
the interfaces of open and collapsed lung, a transpulmonary pressure of 30 cmH2O 
could result in local pressures of 140 cmH2O. Based on these estimates, Lachmann 
hypothesized that shear-stress might be the major cause of structural damage and 
VILI [2]. In order to minimize shear-stress and atelectrauma in heterogeneously 
ventilated lungs, he proposed to “open up the lung and keep the lung open”.

Traditionally the open lung concept consists of a recruitment maneuver to open 
up the collapsed lung and high PEEP to maintain alveolar stability. According to the 
LaPlace law (P = 2γ/r, where P is the pressure within an alveolus, γ is the surface 
tension of the alveolar wall, and r is the radius of the alveolus), more pressure is 
required to open a collapsed or deflated alveolus in comparison to an open alveolus. 
Surfactant impairment in severe ARDS further increases opening pressure as a 
result of increased surface tension. In addition, the opening pressure of collapsed 
alveoli has to overcome the alveolar retractive force and the compressing force on 
the alveolus by surrounding lung tissue. The sum of these pressures is estimated to 
be 45–60 cmH2O in patients with ARDS [9].

An elegant example of opening the dependent lung, although not by using high 
airway pressures, is the application of prone positioning. In the supine position, the 
weight of the ventral lungs, heart and abdominal viscera increases pleural pressure 
in the dorsal lung regions. The decrease in transpulmonary pressure (airway pres-
sure minus pleural pressure) results in a reduced distending force on the dependent 
lung. In addition, pulmonary edema in ARDS gradually increases lung mass. 
Eventually the dependent lung collapses under its own weight and ventilation is 
redistributed to the baby lung. Application of the prone position changes gravita-
tional forces; the dorsal lung becomes the independent lung region and is re-aerated. 
Due to conformational shape matching (the anatomic tendency to overdistend ven-
tral lung regions despite gravitational forces) and a greater lung mass on the dorsal 
side, aeration in the prone position is more homogeneously distributed [21]. 
Perfusion is also distributed more homogeneously in the prone position. As a result, 
ventilation-perfusion matching and oxygenation improves [22]. Early large ran-
domized controlled trials did not confirm the theoretical advantages of prone posi-
tioning. However, a meta-analysis suggested a reduction in mortality rate in patients 
with severe ARDS [23]. The beneficial effects of prone positioning were confirmed 
by the PROSEVA trial [24]. Patients with severe ARDS (PaO2/FiO2 ratio 
<150 mmHg) assigned to the prone group had a significantly lower 28-day mortality 
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rate (16.0%) compared to the supine group (32.8%). Therefore, opening up the lung 
by prone positioning is recommended in severe ARDS.

5.3.1  The Open Lung Concept in Mild to Moderate ARDS

The American Thoracic Society Clinical Practice Guideline for mechanical ventila-
tion in adult patients with ARDS recommends limiting Pplat to 30 cmH2O, in line 
with the ARDSNet trial [25]. This raises the following question: can a lung be fully 
open at a Pplat ≤30 cmH2O? Cressoni and colleagues investigated whether mechan-
ical ventilation with a Pplat of 30 cmH2O actually recruited the lung [26]. They 
included 33 patients with mild to severe ARDS. Four computed tomography (CT) 
scans were done: one at 5 cmH2O PEEP, and three at Pplat of 19 ± 0, 28 ± 0, and 
40 ± 2 cmH2O during a <5 s breath holding episode. Lung recruitment was defined 
as the amount of lung tissue (grams) that regained inflation as a result of the applied 
airway pressures (Fig. 5.1). They found that the amount of lung recruitment achieved 
with a Pplat increase from 30 to 45 cmH2O was negligible in patients with mild to 
moderate ARDS.  In contrast, a similar increase in Pplat in patients with severe 
ARDS resulted in a significant amount of lung recruitment. These results confirm 
that the amount of recruitable tissue increases with ARDS severity.
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Fig. 5.1 Lung recruitment as a function of airway pressure. This figure represents the amount of 
lung tissue (grams) recruited as a function of applied airway pressure. Estimates were based on 
computed tomography (CT) images of patients with acute respiratory distress syndrome (ARDS). 
Green: mild ARDS, blue: moderate ARDS, red: severe ARDS, dark red: severe ARDS with veno- 
venous extracorporeal membrand oxygenation (VV-ECMO). From [26] with permission
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Multiple clinical studies have assessed the effects of recruitment maneuvers in 
patients with ARDS. A recent meta-analysis included 15 randomized controlled 
trials (a total of 3134 patients) that compared the open lung concept with other 
mechanical ventilation strategies in patients with ARDS [6]. The authors reported 
a reduced mortality rate in the patients treated according to the open lung con-
cept. However, this meta-analysis was performed prior to the ART trial. The 
multicenter ART included 1010 patients with moderate to severe ARDS [8]. The 
objective of the study was to compare recruitment maneuvers with PEEP titrated 
according to best respiratory system compliance (“High PEEP”) to the ARDSNet 
protocol (“Low PEEP”). The initial recruitment maneuver consisted of PEEP 
increments up to a maximum Pplat of 60 cmH2O. Subsequently, a decremental 
PEEP trial was performed and the PEEP associated with the best compliance 
plus 2 cmH2O was applied. After three cases of resuscitated cardiac arrests, the 
recruitment maneuver was modified to a maximum Pplat of 50 cmH2O. The high 
PEEP strategy resulted in an increased 28-day mortality rate (55.3% vs. 49.3%). 
There are two major explanations for the increased mortality rate after a recruit-
ment maneuver. A first explanation is the included study population, as 599 of 
1010 patients (59.3%) had moderate ARDS. According to Fig. 5.1, an increase of 
Pplat to 60 cmH2O in moderate ARDS results in a negligible amount of recruited 
lung tissue at the cost of overdistention. A subgroup analysis supports this 
hypothesis, as the increase in mortality rate was more pronounced in patients 
with moderate ARDS, whereas mortality was similar in the two groups in patients 
with severe ARDS. Gattinoni and colleagues estimated the power delivered to the 
lung during the ART trial. They found that the power delivered to mild ARDS 
lungs was three times greater than to severe ARDS lungs (1169 Joule vs. 390 
Joule) [9]. Second, the ART trial did not distinguish between responders and 
non-responders. A mean reduction in driving pressure of only 2  cmH2O was 
found, indicating that the recruitment maneuver was inadequate to open up the 
lung and increase functional residual capacity in most patients. In conclusion, 
this study found an increased mortality rate after the application of a mild recruit-
ment maneuver and subsequent PEEP titration based on best compliance in 
patients with moderate ARDS.

In addition, a trial comparing high-frequency oscillatory ventilation (HFOV) 
with the ARDSNet protocol in patients with moderate to severe ARDS was ter-
minated prematurely, as a trend towards increased mortality was observed in the 
HFOV group [27]. In this trial, HFOV was applied in accordance with the open 
lung concept strategy: first a recruitment maneuver was performed by increas-
ing the distending pressure to 40 cmH2O. Subsequently, mean airway pressure 
was set at 30 cmH2O and reduced based on target oxygenation in combination 
with very low tidal volume (1–2  mL/kg) and high respiratory frequency. 
However, as in the ART trial, a subgroup analysis demonstrated that mortality 
rate was not increased if HFOV was applied in patients with severe ARDS. An 
individual patient data meta- analysis of four HFOV trials (1552 patients with 
ARDS) found that HFOV might even reduce mortality rate in patients with 
severe ARDS, whereas mortality was increased in patients with mild ARDS 
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[28]. This suggests that a strategy of higher mean airway pressure results in an 
increased mortality rate in patients with moderate ARDS due to PEEP or dis-
tending pressure, whereas in patients with severe ARDS higher mean airway 
pressure might be beneficial.

5.3.2  The Open Lung Concept in Severe ARDS

In patients with severe refractory hypoxemia under the ARDSNet protocol there 
are three possible treatment strategies: (1) maintain ARDSNet protocol and 
accept hypoxemia; (2) convert to venovenous extracorporeal membrane oxygen-
ation (VV-ECMO); or (3) initiate mechanical ventilation according to the open 
lung concept, thus accepting airway pressures >30 cmH2O (Fig. 5.2). The EOLIA 
trial compared early application of VV-ECMO with the ARDSNet protocol in 
patients with very severe ARDS [29]. The authors reported that VV-ECMO did 
not reduce 60-day mortality rate. In addition, VV-ECMO is associated with a 
high complication rate (up to 40%), including intracranial hemorrhage resulting 
in death [30].

In a retrospective analysis of patients treated according to the open lung concept 
who met the EOLIA inclusion criteria, we observed a 30-day mortality rate of 25% 
as compared to 35–46% in the EOLIA trial [29]. This supports our hypothesis that 
there is an indication for the open lung concept in patients with severe 
ARDS.  However, it is essential that recruitment maneuvers and high Pplat are 
guided by strict monitoring.

Inspiratory pressure is limited by transpulmonary pressure instead of Pplat. 
Transpulmonary pressure is estimated with an esophageal balloon catheter. An 
inspiratory transpulmonary pressure of <25 cmH2O is considered to be lung protec-
tive ventilation regardless of Pplat [19]. Grasso and colleagues measured transpul-
monary pressure in 14 patients with severe ARDS who were referred to their ICU 
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for VV-ECMO [19]. In half of the patients, transpulmonary pressure was >25 cmH2O 
and in these patients VV-ECMO was initiated. In the other patients, transpulmonary 
pressure was <25 cmH2O and therefore PEEP was increased from 17 to 22 cmH2O 
until transpulmonary pressure was equal to 25 cmH2O. The authors accepted airway 
pressures up to 38 cmH2O. In these patients, oxygenation improved and they did not 
require VV-ECMO.

In order to prevent overdistention, it is important to distinguish responders to 
a recruitment maneuver from non-responders. Responders can be identified by 
an increase in oxygenation, compliance and/or a significant reduction in driving 
pressure. The reduction in driving pressure is a direct result of opening up the 
lung, thereby increasing functional residual capacity. In our experience, driving 
pressure is reduced rapidly after a recruitment maneuver in responders. The 
extent to which the driving pressure has to decrease in order to be a responder is 
unclear. The multilevel mediation analysis by Amato and colleagues suggests 
that a driving pressure of ≤15  cmH2O reduces mortality rate in patients with 
ARDS [7]. However, in the ART trial, driving pressure was reduced from 13.5 to 
11.5 cmH2O after a recruitment maneuver and still resulted in an increased mor-
tality rate. Although driving pressure decreased initially, an increase was 
observed afterwards, whereas driving pressure in the control group remained 
stable. This suggests that maintaining a low stable driving pressure might be 
more important than the absolute value of the driving pressure. In non-respond-
ers, functional residual capacity does not increase after a recruitment maneuver. 
Thus, PEEP should not be increased as this results in increased overdistention of 
the baby lung (Fig. 5.3).

ARDSNet OLC Responder OLC Non-Responder

Fig. 5.3 Responders and non-responders to the open lung concept (OLC). Lung aeration at expi-
ration is schematically depicted in the ARDSNet protocol (left) and in responders (middle) and 
non-responders (right) to the OLC, i.e., a recruitment maneuver and higher positive end-expiratory 
pressure (PEEP) levels. In responders, functional residual capacity increases in response to recruit-
ment, resulting in reduced strain and driving pressure. In non-responders, functional residual 
capacity does not increase following a recruitment maneuver. Subsequent application of higher 
PEEP levels results in alveolar overdistention. Very light blue: overdistention; light blue: normally 
aerated lung tissue; dark blue: collapsed alveoli
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5.4  Slow Recruitment with Airway Pressure Release 
Ventilation

Time is an important variable in both alveolar recruitment and stabilization, yet 
often overlooked. The application of 30 cmH2O to a lung inflated at 5 cmH2O for 2 s 
opens up approximately 75% of alveoli [31]. Continuation of 30 cmH2O for 40 s 
gradually increases the proportion of open alveoli to 85%. In the expiratory phase, 
there is a delay of approximately 0.17 s before alveolar collapse commences and at 
0.25 s an alveolus is collapsed [32]. Inspiration time in the ARDSNet protocol is too 
short to recruit the majority of alveoli and too long to prevent the alveoli from col-
lapsing. APRV might address both problems. APRV consists of a continuous posi-
tive airway pressure (Phigh) with a brief intermittent release phase (Plow) for expiration 
and CO2 removal. Patients are allowed to breath spontaneously independent of ven-
tilator cycles. Phigh slowly recruits the lung and a short Plow prevents alveolar col-
lapse. Eventually, the lung is open and stable. However, in experimental models, 
heterogeneity is increased if Plow is set too long, giving the alveoli sufficient time to 
collapse [33]. Zhou and colleagues compared APRV 50% with the ARDSNet proto-
col in patients with moderate to severe ARDS [34]. They reported a trend towards a 
reduced ICU mortality in the APRV group: 19.7% vs. 34.3%. The number of 
ventilator- free days, oxygenation and respiratory system compliance were in favor 
of the APRV group. In this study, the investigators aimed for a spontaneous minute 
ventilation of at least 30% of total minute ventilation. The contraction of the dia-
phragm during spontaneous breathing is more pronounced in the dorsal lung region 
and assists in opening up even the most dependent lung regions. In conclusion, 
APRV results in an open lung by slow recruitment, alveolar stabilization and con-
traction of the diaphragm.

5.5  Conclusion

The objective of the open lung concept is to achieve an open and homogeneously 
ventilated lung. From a pathophysiological perspective the open lung concept seems 
beneficial, because shear-stress and atelectrauma are reduced. An open and more 
homogeneously ventilated lung can be achieved by the application of prone position 
or high airway pressures. In patients with severe ARDS, prone position has been 
shown to reduce mortality rates.

Multiple studies using recruitment maneuvers with airway pressures up to 
50–60 cmH2O showed improved oxygenation and not reduced mortality rates. The 
ART trial found an increased mortality rate when a recruitment maneuver was com-
bined with decremental PEEP titration based on best compliance in patients with 
moderate to severe ARDS [8]. The application of HFOV and high mean airway 
pressures in patients with ARDS increased mortality rate as well [27]. However, 
subgroup analyses of both trials showed that mortality rate increased in patients 
with moderate ARDS, but was similar or even reduced in patients with severe ARDS 
[28]. Apparently, the application of higher PEEP or distending pressures increases 
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mortality in patients with moderate ARDS due to overdistention, despite best PEEP 
titration. This observation indicates that high airway pressures should not be used in 
patients with moderate ARDS.

We propose that the open lung concept should be applied in patients with severe 
ARDS with refractory hypoxemia under the ARDSNet protocol, but only if a patient 
is a responder to recruitment. In patients who do not respond to recruitment, PEEP 
should be reduced and VV-ECMO may be considered. As both the open lung con-
cept and VV-ECMO require clinical expertise, we recommend that this strategy be 
applied in tertiary referral centers. The exact definition of a responder remains to be 
elucidated. After a recruitment maneuver, driving pressure, oxygenation, and com-
pliance should improve, but to what extent remains unclear.
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6ARDS in Obese Patients: Specificities 
and Management

A. De Jong, D. Verzilli, and S. Jaber

6.1  Introduction

Obesity is a global healthcare problem that has risen to epidemic proportions world-
wide [1, 2]. It is now common to admit obese medical or surgical patients to the 
intensive care unit (ICU) [3]. It is estimated that at least 20% of patients admitted to 
the ICU are obese [4, 5]. One of the main challenges of the critical care management 
of obese patients is successful respiratory system management. The negative effects 
of thoracic wall weight and abdominal fat mass on pulmonary compliance, leading 
to decreased functional residual capacity and arterial oxygenation, are exacerbated 
by a supine position and further worsened after general anesthesia and mechanical 
ventilation. Obese patients are at risk of developing lung de-recruitment and then 
atelectasis. The incidence of acute respiratory distress syndrome (ARDS) is 
increased in obese patients [6, 7].

However, while obesity contributes to many diseases and is often associated 
with higher all-cause mortality in the general (non-selected) population [1], 
obese patients with ARDS have a similar or lower mortality risk when compared 
with non- obese patients with ARDS [7–9]. Obese patients therefore represent a 
specific population of ICU patients, and could differ from non-obese patients. 
The main aim of this chapter is to summarize the most recent data on the 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-06067-1_6&domain=pdf
mailto:s-jaber@chu-montpellier.fr


72

epidemiology, outcomes, pathophysiology, ventilatory support and adjuvant 
therapies of the obese patient with ARDS.

6.2  Epidemiology and Pathophysiology

6.2.1  Obesity and Risk of ARDS

Obese patients are particularly at risk of ARDS.  In 1795 patients admitted from 
1997 to 2009 to two centers, Gong et al. [6] reported that obesity was associated 
with ARDS compared with normal weight (odds ratio [OR] 1.66 [95% confidence 
interval (CI) 1.21–2.28] for obese; OR 1.78 [95% CI 1.12–2.92] for severely obese). 
Higher body mass index (BMI) and obesity were associated with longer lengths of 
stay but not ARDS mortality after adjusting for baseline clinical factors. Similar to 
these results, in a secondary analysis from a prospective, multicenter, international 
cohort in 2004 of 4968 adult patients in 349 ICUs, Anzueto et al. [7] observed a 
higher incidence of ARDS and acute renal failure in obese patients. After adjust-
ment, obesity was significantly associated with the development of ARDS with ORs 
of 1.69 (95% CI 1.07–2.69) for obese and 2.38 (95% CI 1.15–4.89) for severely 
obese compared with normal weight; however, there were no associations with 
increased duration of mechanical ventilation, length of stay or mortality. These 
results were confirmed in a recent meta-analysis [10], which showed that obesity 
was associated with a significantly increased risk of ARDS (pooled OR 1.89 [95% 
CI 1.45–2.47], I2 = 50%, p < 0.00001, n = 30,583).

The respiratory physiology of the obese patient might explain the increased inci-
dence of ARDS criteria in obese patients. Anatomic and physiological alterations 
are observed in obese patients, affecting the face, neck, pharynx, chest wall and 
lungs. Excess abdominal fat may increase abdominal pressure. The displacement of 
the diaphragm upward, added to the increased chest wall weight, may raise baseline 
pleural pressure [11]. While total lung capacity and spirometric values usually 
remain normal, there is a decrease in functional residual capacity. Reduced func-
tional residual capacity can trigger the closure of peripheral dependent airways dur-
ing tidal ventilation, and decreased lung compliance due to tidal ventilation below 
the lower inflection point of the inspiratory pressure–volume curve. These changes 
result in atelectasis and ventilation–perfusion mismatch and hypoxemia, these 
effects being increased in the supine position. These modifications pave the way for 
infections and associated ARDS.  The increased prevalence of gastroesophageal 
reflux disease and difficult intubation [12] can also increase aspiration incidence 
during intubation, and the underlying insult of ARDS [13].

It is worth noting that despite the increased incidence of ARDS in obese patients, 
only two of the four prospective scores predicting lung injury, the Lung Injury 
Prediction Score (LIPS) [14] and the Emergency Department Lung Injury Prediction 
Score (EDLIPS) [15], include obesity as a prognostic factor. Obesity status is not 
included in the surgical lung injury prediction score (SLIP-2 score) [16] or the early 
acute lung injury score (EALI score) [17].
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6.2.2  Prognosis of Obese Patients with ARDS

Although the prognosis of obese ARDS patients remains debated, it seems that 
obese patients with ARDS have a similar or better prognosis than non-obese patients. 
Table 6.1 shows the main observational studies that have reported epidemiology and 
outcome in obese patients with ARDS. Ni et  al. [23] showed in a meta-analysis 
performed in ARDS patients that compared with normal weight, being underweight 
was associated with higher mortality (OR 1.59, 95% CI 1.22–2.08, p = 0.0006), 
while obesity (OR 0.68, 95% CI 0.57–0.80, p < 0.00001) and morbid obesity (OR 
0.72, 95% CI 0.56–0.93, p = 0.01) were more likely to result in lower mortality. 
These results were similar to those of another meta-analysis performed by Zhi et al. 
[10]: obesity was significantly associated with reduced risk of ARDS mortality. 
However, longer prognosis is more uncertain. In a recent analysis of 144 candidate 
predictors in a large, multicenter, prospective cohort of ARDS survivors, obesity at 
admission was associated with worse 6-month quality of life (EQ-5D) [24].

There are several potential explanations for these findings, although data delineating 
mechanisms are lacking. Obese patients may have been misclassified as ARDS in case 
of interpretation of atelectasis as bilateral infiltrates. Although Gong and colleagues [6] 
found that increased frequency of PaO2/FiO2 <200 was the criterion responsible for the 
higher ARDS incidence in obese patients, rather than radiographic findings, atelectasis 
is also associated with a low PaO2/FiO2 ratio [25]. Despite a similar pulmonary injury, 
obese patients might be more prone to hypoxemia because of a greater incidence of 
atelectasis, which could result in a lower PaO2/FiO2 ratio compared with normal weight 
patients, and therefore a misdiagnosis of ARDS. Reduced functional residual capacity 
could participate in atelectrauma in case of non-appropriate ventilatory settings (posi-
tive end-expiratory pressure [PEEP] too low), worsening hypoxemia. Furthermore, 
recent evidence suggests that obesity induces a low-grade inflammation, generating a 
process that may subsequently protect the lung against further insults, through a mech-
anism of pre- conditioning [4]. However, two important confounding factors limit the 
extrapolation of these observational studies and could explain their discrepancy. The 
type of obesity (grade, repartition of fat [android vs. gynoid], sarcopenic/non-sarcope-
nic obesity) is not indicated and muscular strength and function and the metabolic 
status of the patients (insulin sensitivity) were not evaluated. Diaphragmatic force may 
also be stronger in obese patients, as recently suggested by an experimental study per-
formed in obese Zucker rats [26]. In obese rats, the diaphragmatic force was increased 
at baseline and after mechanical ventilation, compared to non-obese rats, which might 
be a protective factor in case of ARDS onset, facilitating liberation from mechanical 
ventilation. Another key element when considering the relationship between obesity 
and ARDS is that clinicians might consider obese patients to be at high risk of worse 
outcome; this belief could result in earlier admission to the ICU. Increased monitoring, 
associated with an increased use of prophylactic measures, could then explain the bet-
ter prognosis observed in obese patients [4]. The medical or surgical status of the 
patients could also be a confounding factor. Our team evaluated the impact of medical 
admission as opposed to surgical admission on the short and long term outcome of 
obese ICU patients, in a prospective, observational cohort study of 791 obese patients 
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admitted over 14 years, using a propensity- score-matched analysis [27]. Twenty per-
cent of the patients included had ARDS. The main results were that ICU mortality in 
the medical group was higher than that in the surgical group and remained significantly 
higher 365 days post-ICU admission. After adjustment for category of admission, ICU 
mortality did not differ in obese and non-obese patients [22). The current notion that all 
obese patients have similar ICU outcomes should be reconsidered.

6.3  Ventilator Support

A summary of the recommendations for ventilatory management of the obese 
patient with ARDS is given in Box 6.1.

6.3.1  Positioning

A reverse Trendelenburg position, in which the supine patient’s head is placed 
higher than the feet at an angle of 45°, might help to liberate the obese patient 

Box 6.1 Recommendations for ventilatory management of the obese patient 
with acute respiratory distress syndrome (ARDS)

1. Ventilatory settings
  – No difference between pressure and volume modes
  – Low tidal volume (6 mL/kg based on ideal body weight)
  – High positive end-expiratory pressure (PEEP)
  – Recruitment maneuvers
  –  Assess transpulmonary pressures using esophageal pressure rather than driving 

pressure
2. Neuromuscular blockers
  – In case of severe ARDS
  –  Be careful of accidental awareness during general anesthesia (more frequent in 

obese patients) using appropriate sedation-analgesia with monitoring of depth of 
sedation

  – May contribute to reduce mortality in severe ARDS
3. Prone position
  – In case of severe ARDS
  –  Feasible without increased complications compared to non-obese patients when 

performed by a trained team
  –  Particular caution for abdominal positioning to avoid increased intra-abdominal 

pressure and organ compression; use reverse Trendelenburg position if possible
  – Allows improvement in PaO2/FiO2 ratio
  – May help to reduce mortality in ARDS
4. Extracorporeal membrane oxygenation (ECMO)
  – Feasible with appropriate cannulas
  – May help to reduce mortality in severe ARDS
5. Extracorporeal carbon dioxide removal (ECCO2R)
  – Feasible in obese patients
  – May help to reduce tidal volume in mild to moderate ARDS

 A. De Jong et al.
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from the ventilator [28]. The reverse Trendelenburg position could act by reduc-
ing transdiaphragmatic pressure and atelectasis, resulting in improved gas 
exchange.

6.3.2  Ventilator Settings

Protective ventilation should be applied, using low tidal volume, moderate to high 
PEEP, and recruitment maneuvers [29]. As the lungs do not grow with weight gain 
[3], tidal volume should be set according to ideal body weight, based on height and 
sex, and not actual body weight [3, 12]. In the 2010s, these recommendations of low 
tidal volume according to ideal body weight were poorly applied [30]. In 580 
mechanically ventilated adult patients admitted to three ICUs between February 1, 
2006 and January 31, 2008, O’Brien et al. [30] reported that morbidly obese patients 
were often ventilated with significantly higher tidal volumes based on the predicted 
body weight compared with patients of normal body weight. Similarly, in the study 
by Anzueto et al. [7], a retrospective analysis of prospective data collected in 2004, 
severely obese patients were more likely to receive low tidal volumes based on 
actual body weight but high volumes based on predicted body weight. The ventila-
tory management of obese patients has probably changed since the periods of inclu-
sion of these two studies. In the French center of Montpellier, we performed an 
analysis of ventilator settings in obese and non-obese ARDS patients from 2009 to 
2017 [22]. Four hundred patients with ARDS were included, 295 non-obese patients 
and 105 obese patients. In contrast to the two previous studies [7, 30], we observed 
that ventilator settings were appropriate in obese and non-obese patients: tidal vol-
ume based on ideal body weight was not significantly different between obese and 
non-obese patients [22].

To take into account the increased abdominal pressure and chest wall mass and 
to limit atelectasis occurrence, higher PEEP is needed in obese patients compared 
to non-obese patients [31]. In a recent study, Pirrone et al. [32] showed that PEEP 
values commonly used by clinicians (11.6 ± 2.9 cmH2O) was inadequate for opti-
mal mechanical ventilation for morbidly obese ICU patients. A recruitment 
maneuver followed by end-expiratory pressure titration significantly improved 
lung volumes, respiratory system elastance and oxygenation. These authors 
assessed the effects of two approaches for titrating PEEP (a decremental PEEP 
trial and an end- expiratory transpulmonary pressure approach), and reported no 
significant differences on end-expiratory lung volume, respiratory mechanics or 
gas exchange. The two methods of evaluating PEEP identified the same optimal 
PEEP levels (20.7 ± 4.0 vs. 21.3 ± 3.8 cmH2O; p = 0.40). Similar results were 
reported in obese patients in the operating room under general anesthesia in the 
study by Nestler et al. [33]. The authors [33] performed individualized PEEP titra-
tion using electrical impedance tomography and noted that a mean PEEP value of 
18  cmH2O was required to optimize end-expiratory lung volume. However, 
patients receiving optimized PEEP had greater need for intravenous fluids and 
vasopressors [33].
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6.3.3  Driving, Transpulmonary and Transthoracic Pressures

Some studies have suggested that higher driving pressure (driving pressure = pla-
teau pressure −  PEEP) was associated with higher mortality in ARDS [34, 35]. 
However, the relationship between driving pressure and mortality has been poorly 
studied in obese patients with ARDS. The respiratory system (Fig. 6.1) includes the 
lung and the chest wall, and the airway pressure is related to both transpulmonary 
pressure (lung assessment, =alveolar pressure − pleural pressure) and transthoracic 
pressure (chest and abdomen assessment, =pleural pressure −  atmospheric pres-
sure), which differ in obese compared to the non-obese patients [12]. The relative 
part of pressure due to transthoracic pressure is higher in the obese patient than in 
the non-obese patient (elevated pleural pressure, which can be estimate by esopha-
geal pressure) [36]. The key factor generating ventilator-induced lung injury (VILI) 
is regional lung overdistension with high transpulmonary pressure (Fig. 6.1). These 
lesions are usually apprehended by the evaluation of the plateau pressure, which 

Atmospheric
pressure

Alveolar
pressure

ª
Plateau
pressure

Pleural pressure ª
Esophageal
pressure

1. Transpulmonary pressure =
Alveolar pressure – Pleural pressure

2. Transthoracic pressure =
Pleural pressure – Atmospheric pressure

Driving pressure =
Plateau pressure – PEEP

3. Transthoraco–pulmonary pressure =
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Fig. 6.1 Pressures of the respiratory system. The respiratory system includes the lung and the 
chest wall, and the airway pressure is related to both transpulmonary pressure (lung assessment, 
=alveolar pressure − pleural pressure) and transthoracic pressure (chest and abdomen assessment, 
=pleural pressure − atmospheric pressure), which differ in the obese patient compared to the non- 
obese patient. The relative portion of pressure due to transthoracic pressure is higher in the obese 
patient than in the non-obese patient (elevated pleural pressure, which can be estimated by esopha-
geal pressure). The plateau pressure represents the pressure used to distend the chest wall plus 
lungs. In obese patients, elevated plateau pressure may be related to an elevated transthoracic 
pressure, rather than an increase in transpulmonary pressure with accompanying lung overdisten-
sion. Usual driving pressure, i.e., transthoraco-pulmonary driving pressure (plateau pressure − pos-
itive end-expiratory pressure [PEEP]), may not be appropriate to assess the severity of obese 
patients with acute respiratory distress syndrome (ARDS). To differentiate the chest wall pressure 
from the lung pressure, assessing transpulmonary pressure (plateau pressure − PEEP − (inspira-
tory esophageal pressure − expiratory esophageal pressure)) using esophageal pressure may be 
appropriate in obese ARDS patients. insp inspiratory, exp expiratory, esoph esophageal
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represents the pressure used to distend the chest wall plus lungs. As seen earlier, 
obese patients have a very stiff chest wall, with elevated baseline pleural pressure, 
and much of the pressure that is applied by the ventilator will be used to distend the 
chest wall rather than the lung. An elevated plateau pressure may be related to an 
elevated transthoracic pressure, rather than an increase in transpulmonary pressure, 
with accompanying lung overdistension. We hypothesized that in obese patients 
with ARDS, with limited ventilated lung area and stiff chest wall, driving pressure 
would not be representative of the real pressure applied to the lungs and would not 
be associated with mortality [22]. We observed that the driving pressure at day 0 in 
non-obese patients was significantly lower in survivors at day 90 (11.9 ± 4.2 cmH2O) 
than in non-survivors (15.2 ± 5.2 cmH2O, p < 0.001). However, in obese patients, 
driving pressure at day 0 was not significantly different in survivors at day 90 
(13.7 ± 4.5 cmH2O) than in non-survivors (13.2 ± 5.1 cmH2O, p = 0.41). These 
results were confirmed in multivariable analysis, showing that driving pressure was 
not an independent factor for mortality in obese patients [22]. The results of this 
recent study suggest that driving pressure could not be appropriate to assess the 
severity or prognosis of obese patients with ARDS [22].

To differentiate the chest wall pressure from the lung pressure, assessing transpul-
monary pressure using transesophageal pressure may be appropriate in these patients. 
A recent study examined the relationships between the respiratory system and trans-
pulmonary driving pressure (the difference between airway plateau minus PEEP and 
inspiratory esophageal pressure minus expiratory esophageal pressure), pulmonary 
mechanics and 28-day mortality [37]. The results suggest that using PEEP titration 
to target positive transpulmonary pressure via esophageal manometry causes both 
improved elastance and driving pressures. Treatment strategies leading to decreased 
respiratory system and transpulmonary driving pressure at 24 h were associated with 
improved 28 day mortality. This strategy could be applied in obese patients, using 
esophageal pressure monitoring. Eichler et al. [38] showed that during laparoscopic 
bariatric surgery, patients require high peroperative levels of PEEP to maintain a 
positive transpulmonary pressure throughout the respiratory cycle. In the critical care 
setting, Fumagalli et al. [39] aimed to determine the relationship between transpul-
monary pressure, lung mechanics, and lung morphology in obese patients with acute 
respiratory failure. They reported that, in obesity, low- to- negative values of transpul-
monary pressure predict lung collapse and intratidal recruitment/derecruitment. 
These results further support, for some authors, the use of transpulmonary pressure, 
using esophageal pressure monitoring, to monitor obese patients in ARDS.

6.3.4  Neuromuscular Blockers

Neuromuscular blockers can be used in obese patients. When neuromuscular block-
ers are used, special care must be taken to prevent awareness during general anes-
thesia [40], because of rapid redistribution of sedatives in fat. Bispectral index (BIS) 
monitoring may help prevent accidental awareness during general anesthesia, 
although its efficacy for this purpose remains debated.
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6.3.5  Adjuvant Therapies

6.3.5.1  Prone Position
Prone positioning enables recruitment of more tissue in the dorsal region than can 
be derecruited in ventral regions, and lung inflation is more homogeneously distrib-
uted along the dorsoventral axis of the lung with a decrease in ventilation perfusion 
inequalities. In a non-obese population, Guérin et al. [41] showed that in patients 
with severe ARDS, early application of prolonged prone positioning sessions sig-
nificantly decreased 28-day and 90-day mortality. As pointed out earlier, obese 
patients are particularly prone to atelectasis with a decreased functional residual 
capacity and may be more likely to respond to prone positioning. In a specific popu-
lation of obese patients, the safety and efficiency of prone position in obese patients, 
defined using a BMI >35 kg/m2, were analyzed [8]. The primary endpoint was to 
evaluate the rate of complications of prone positioning and the secondary endpoint 
was to assess the effect on gas exchange, the nosocomial infection rate and mortal-
ity. For the 66 patients evaluated, at least one complication occurred in 20 patients, 
at similar rates in obese and non-obese patients (10/33 vs. 10/33, p = 1.00). The 
PaO2/FiO2 ratio was significantly increased with prone compared to supine posi-
tioning in the two groups (p < 0.0001). In obese patients, the PaO2/FiO2 ratio was 
significantly higher with prone positioning than in non-obese patients (p = 0.03), 
whereas there was no statistically significant difference for the supine position. This 
study was a single center study performed by a trained team. Particular care was 
needed to avoid increased abdominal pressure and associated complications, such 
as renal failure and hypoxic hepatitis [42], which might be triggered by prone posi-
tioning. To avoid these side-effects, the reverse Trendelenburg position and optimal 
abdominal fat positioning can be used. The technique is described in Fig. 6.2.

6.3.5.2  Extracorporeal Membrane Oxygenation
The use of venovenous extracorporeal membrane oxygenation (VV-ECMO) has 
reemerged as an option for ARDS refractory to conventional support [43]. In addi-
tion to cannulation difficulty, obtaining sufficient circuit flow can be challenging 
in morbid obese patients [44]. There remains significant hesitancy in many cen-
ters to offer ECMO support to the obese population. However, class III obesity 
was not associated with poorer outcomes in obese ECMO patients in a recent 
study [45]. Among the 55 patients with ARDS placed on ECMO during the study 
period, 12 were morbidly obese (BMI >40 kg/m2). Pre-ECMO mechanical venti-
latory support and indices of disease severity were similar between the two 
groups, as were cannulation strategy and duration of ECMO support. Nine (75%) 
morbidly obese patients and 27 (63%) non-morbidly obese patients were success-
fully weaned from ECMO support, and patient survival to time of discharge was 
67% and 58%, respectively. In the subset of super obese patients (BMI >50 kg/m2, 
n = 6), recovery and midterm survival was 100%. Transport of morbidly obese 
patients receiving ECMO is also safe [46]. In the recent EOLIA study [47] per-
formed in patients with very severe ARDS, including obese patients (only patients 
with BMI >45 kg/m2 were excluded), 60-day mortality was not significantly lower 
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with ECMO than with a strategy of conventional mechanical ventilation that 
included ECMO as rescue therapy. However, 28% of the patients in the control 
group crossed over to ECMO for refractory hypoxemia. Based on these data, also 
reported by others [48], ECMO support in ARDS patients should not be withheld 
from the obese patient population.

6.3.5.3  Extracorporeal Carbon Dioxide Removal
Use of extracorporeal carbon dioxide removal (ECCO2R) in non-obese and obese 
patients with ARDS is under evaluation [43, 49]. A recent pilot [50] study per-
formed in 20 patients with mild to moderate ARDS and a mean BMI of 30 ± 7 kg/
m2 showed that a low-flow ECCO2R device enabled very low tidal volume ventila-
tion with moderate increase in PaCO2 in patients with mild-to-moderate 
ARDS.  ECCO2R is promising in this setting in the obese population, to further 
avoid volutrauma using very low tidal volumes associated with high PEEP with the 
aim of avoiding closed alveoli and atelectasis.

6.4  Research Agenda

Because obesity status is often an exclusion criterion in the major randomized con-
trolled studies in ARDS, specific outcome studies are needed in obese patients with 
ARDS. Results from the main randomized controlled studies assessing effects of 
mechanical ventilation settings (optimal ventilatory mode, tidal volume, PEEP 

1 2 3

4 5 6

Fig. 6.2 Prone positioning of obese patients. Step 1: The patient is lying down, under deep seda-
tion and analgesia. One operator is at the head of the patient to secure the airway access, three 
operators are on the right, two on the left, and one is mobile. Step 2: The monitor is checked. The 
patient is then turned on the left side first. Step 3: The patient is then moved to the other side of the 
bed. Step 4: The patient is turned. Step 5: Upper chest and pelvic supports are placed to avoid 
abdominal compression. Step 6: Finally, compression points are checked regularly, and the head is 
turned every 2 h. Bed is positioned in a reverse Trendelenburg position
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value, recruitment maneuver type and modalities) cannot be generalized to obese 
patients. Future randomized controlled trials are necessary to evaluate the effect of 
different strategies of ARDS management on outcomes in this population. Similar 
evaluations should be conducted in obese patients without ARDS at admission to 
the ICU with the aim of preventing development of ARDS. The most recent physi-
ologic studies suggest that an individualized approach should be evaluated in obese 
patients with ARDS.

6.5  Conclusion

Obese patients have an increased risk of ARDS. Atelectasis formation, increased 
baseline oxygen consumption and iatrogenic ventilator management could explain 
the higher incidence of ARDS in obese patients. Lung volumes are not increased in 
obese patients compared to non-obese patients, and settings of protective ventilation 
should be applied, based on the ideal body weight and not on the real body weight. 
Transthoracic pressure is higher in obese patients than in non-obese patients, so 
driving pressure may be not appropriate to assess the severity of ARDS and to guide 
ventilatory management in obese patients. Monitoring of eesophageal pressure 
seems particularly interesting in morbidly obese patients, in order to assess the real 
transpulmonary pressure and set optimal PEEP levels. To counteract the onset of 
atelectasis in the dependent region of the lungs, prone positioning may be advised 
in obese patients with ARDS, by a trained team. Individualized treatment remains 
the best option for optimal outcomes, taking into account the pathophysiology of 
the obese patient.
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7ECMO After EOLIA: The Evolving Role 
of Extracorporeal Support in ARDS

M. Salna, D. Abrams, and D. Brodie

7.1  Introduction

Over the past decade, the rapidly expanding use of extracorporeal membrane oxy-
genation (ECMO) for the acute respiratory distress syndrome (ARDS) has outpaced 
the evidence. Before 2018, there had only been one large, randomized clinical trial 
involving relatively modern extracorporeal technology that evaluated the impact of 
ECMO on acute respiratory failure, predominately ARDS.  Advances in ECMO 
technology, coupled with improvements in the management of ARDS, made it 
apparent that in order to clarify the role of ECMO for patients with severe forms of 
ARDS, further high-quality evidence would be needed [1]. The ECMO to rescue 
Lung Injury in severe ARDS (EOLIA) trial compared the impact of early venove-
nous ECMO (VV-ECMO) in patients with severe forms of ARDS against optimal 
conventional standard-of-care management [2]. Despite failing to meet the primary 
outcome of improved survival with ECMO at 60 days, the results of EOLIA are 
more nuanced than the trial conclusion might suggest. A comprehensive analysis of 
EOLIA provides valuable insights into the evolving role of ECMO and its future use 
in ARDS. This chapter will summarize the rationale for the trial, provide an in- 
depth interpretation of the results, and explore their implications on the role of 
ECMO in the management of ARDS.
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7.2  Background

ECMO provides oxygenation and carbon dioxide removal in respiratory failure and 
both gas exchange and circulatory support for patients in cardiac failure. Much like 
dialysis for renal failure, this form of extracorporeal organ support (ECOS) was 
developed as an adjunct to mechanical ventilation in refractory respiratory failure 
[3]. In most approaches to ECMO, a cannula is placed in a central vein from which 
venous blood is removed by an external pump, passes through an oxygenator that 
removes carbon dioxide and directly oxygenates the blood, and is then reinfused 
back into the patient. When the drainage and reinfusion cannulae are both located in 
central veins, the circuit is referred to as VV-ECMO. This is in contrast to venoarte-
rial ECMO (VA-ECMO), whereby blood is drained from a vein and reinfused into 
an artery to provide hemodynamic support.

The most common indication for VV-ECMO in respiratory failure is severe ARDS 
[4]. ARDS is characterized by an acute, diffuse inflammatory lung injury causing 
increased alveolar permeability and impaired gas exchange, resulting in hypoxemia, 
decreased respiratory system compliance and increased physiologic deadspace [5]. 
Clinically, it is defined by the presence of bilateral infiltrates on chest imaging within 
seven days of an inciting event, impaired oxygenation, and cannot entirely be 
explained by cardiogenic pulmonary edema. The grading of severity depends on the 
extent of hypoxemia, with severe ARDS characterized by the ratio of the partial pres-
sure of arterial oxygen to the fraction of inspired oxygen (PaO2/FiO2) ≤100 mmHg 
in the presence of at least 5 cmH2O of positive end-expiratory pressure (PEEP) [6].

Globally, ARDS accounts for over 10% of all ICU admissions and 24% of 
patients receiving mechanical ventilation [7]. This translates into approximately 
three million patients developing ARDS annually, with hospital mortality ranging 
from 35% to 46% for the categories of mild to severe ARDS. Importantly, survivors 
may have significant quality of life impairment long after recovery [8].

Although invasive mechanical ventilation remains the standard of care in the 
most severe forms of ARDS, patients in whom gas exchange is refractory to conven-
tional ventilation, or who have especially low respiratory system compliance with 
excessively high airway pressures despite optimal ventilator management, may ben-
efit from the addition of ECMO.

The incorporation of ECMO into the management of respiratory failure traces its 
roots to the 1970s, with the first reported use by Hill et al. in 1972 [9]. However, a 
subsequent randomized, controlled trial failed to demonstrate a survival benefit with 
ECMO [10]. Another negative trial, often included as part of the early experience 
with ECMO, was actually performed with a related technique - extracorporeal car-
bon dioxide removal (ECCO2R) - and it, too, demonstrated no survival benefit over 
conventional management [11].

Until 2018, the only randomized, controlled trial that incorporated relatively mod-
ern ECMO technology in adults with respiratory failure was the Conventional ventila-
tion or ECMO for Severe Adult Respiratory failure (CESAR) trial [12]. A summary of 
the randomized controlled ECMO trials can be found in Table 7.1. Although there was 
a reduction in death or severe disability at 6 months in the CESAR ECMO referral 
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group (37% vs. 53%, relative risk [RR] 0.69, 95% CI 0.05–0.97, p = 0.03), there were 
important aspects to the trial that limit the interpretation of the results. With only 76% 
of patients in the ECMO referral arm actually receiving ECMO, and a lack of man-
dated lung-protective ventilation in the control arm (only 70% of control subjects 
received lung-protective ventilation at any time during the trial), this was not truly a 
randomized trial of ECMO versus standard-of-care mechanical ventilation. One con-
clusion that can be drawn from CESAR, however, is that patients with severe acute 
respiratory failure, including ARDS, may benefit from referral to expert centers that 
adhere to standard-of-care lung-protective ventilatory strategies, and are also capable 
of providing ECMO as part of a defined management algorithm.

At around the same time the CESAR trial was published, there happened to be a 
high rate of severe ARDS associated with influenza A(H1N1), presenting a unique 
opportunity to study the adjunctive benefits of ECMO in severe respiratory failure 
seemingly refractory to conventional ventilator management. A multicenter obser-
vational study in Australia and New Zealand reported a 75% rate of survival to 
discharge among 68 patients treated with ECMO for influenza A(H1N1)-associated 
severe ARDS [13, 14]. Subsequent matched-pairs analyses of distinct European 
influenza A(H1N1)-associated ARDS cohorts generated conflicting data about the 
benefit of ECMO [15, 16].

A meta-analysis of eight studies involving 266 influenza A(H1N1)-associated 
ARDS patients who received ECMO identified the benefit of a short duration 
between the start of mechanical ventilation and the initiation of ECMO (median 
2 days), and highlighted the potential importance of referral to specialized ECMO 
centers [17].

Table 7.1 Randomized controlled trials of extracorporeal membrane oxygenation (ECMO)

Authors [Ref] Year
No. of 
patients Inclusion criteria

ECMO group 
survival (%)

Non-ECMO 
group survival 
(%)

Zapol et al. 
[10]

1979 90 PaO2/FiO2 <50 mmHg for 
>2 h
PaO2/FiO2 <83 mmHg for 
>12 h

9.5 8.3

Peek et al. 
(CESAR) [12]

2009 180 Murray Score ≥3.0a

Hypercapnia with pH <7.2
63c,d 47

Combes et al. 
(EOLIA) [2]

2018 249 PaO2/FiO2 <50 mmHg for 
>3 h
PaO2/FiO2 <80 mmHg for 
>6 h
pH <7.25 with 
PaCO2 ≥60 mmHg for 
>6 hb

65e 54

aMean PaO2/FiO2 of 75 mmHg
bAs a result of ventilator adjustments to maintain plateau pressure (Pplat) ≤32 cmH2O
cStatistically significant difference in survival between groups
d22 of 90 (24%) patients within the ECMO referral group did not receive ECMO
e35 of 125 (28%) control group patients crossed over to ECMO, 20 (57%) of whom died within 
60 days
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7.3  Resurgence of ECMO and the Need for More Data

With the publication of the CESAR trial and the H1N1 studies, rates of adult ECMO 
usage for respiratory failure surged, as evidenced by a 433% increase in the United 
States from 2006 to 2011 [18], and a threefold increase from 2007 to 2012  in 
Germany [19]. Despite growing enthusiasm for ECMO, overall in-hospital mortal-
ity in these studies reached nearly 60%, considerably higher than reports from spe-
cialized ECMO centers worldwide. These data suggested that the rate of increased 
use of ECMO may not have been entirely justified based on the available evidence 
at the time [20] or that ECMO was not being uniformly applied. An inconclusive 
body of evidence supporting the use of ECMO in patients with ARDS largely rele-
gated ECMO to a last-resort, salvage therapy in ARDS management [21].

7.4  Lung-Protective Ventilation

A major limitation in interpreting prior ECMO trials was a lack of strict adherence 
to modern standards of lung-protective ventilation in all patients, which represents 
the current standard of care for invasive mechanical ventilation in ARDS [22, 23]. 
However, the hypercapnia and respiratory acidosis that may arise from low-volume, 
low-pressure ventilation strategies have been cited as reasons for nonadherence 
with lung-protective ventilation [24].

Recent literature has suggested that tidal volumes less than the standard-of-care 
4–8 mL/kg predicted body weight (PBW), may offer even greater lung protection, 
particularly given the correlation between lower tidal volumes and airway pressures 
and reductions in inflammatory cytokines associated with ventilator-induced lung 
injury (VILI) [25–27]. Typically, achieving very low tidal volumes or very low air-
way pressures would be limited by unacceptable levels of hypercapnia and respira-
tory acidosis. However, ECMO (or ECCO2R) mitigates this problem by directly 
removing carbon dioxide from the blood. A comparison between very low tidal 
volume ventilation (3 mL/kg PBW) with ECCO2R and low tidal volume ventilation 
(6 mL/kg PBW) without ECCO2R in overall less severe ARDS patients revealed a 
significant reduction in ventilator-free days in the ECCO2R patients [28]. This so- 
called “ultra-lung-protective” ventilation strategy could also be achieved with the 
aid of ECMO in the most severe forms of ARDS. In fact, it has become common 
practice at ECMO centers to lower tidal volumes and airway pressures beyond tra-
ditional lung-protective ventilation goals when using ECMO for the management of 
severe ARDS [29].

Adjunctive strategies, including prone positioning (for which there is very 
strong data) and neuromuscular blocking agents (NMBAs), when used in con-
junction with lung-protective ventilation, have been found to have survival ben-
efits in randomized, controlled trials [30, 31]. High-frequency oscillatory 
ventilation (HFOV), thought to limit volutrauma while recruiting atelectatic lung 
regions, failed to demonstrate a benefit in two large randomized, controlled trials 
in moderate to severe ARDS and is no longer routinely recommended [32, 33]. 
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The data supporting the use of recruitment maneuvers and inhaled vasodilators 
remains controversial [34–36]. Modern ARDS management strategies defined 
the standard of care against which ECMO would ideally be compared in the 
EOLIA trial in order to best assess the true efficacy of ECMO over optimal con-
ventional management. Although enrollment in EOLIA preceded the establish-
ment of some of this standard of care, especially prone positioning, the trial 
anticipated the use of what is now considered optimal management of patients 
with severe forms of ARDS.

7.5  ECMO to rescue Lung Injury in severe ARDS (EOLIA) Trial

The primary objective of the EOLIA trial was to compare the effect of early initia-
tion of ECMO to optimal conventional management on 60-day mortality in patients 
with the most severe forms of ARDS within seven days of starting invasive mechan-
ical ventilation. Several important considerations went into the design of EOLIA, 
informed by limitations from previous studies. Recruitment was limited to centers 
with extensive experience with ARDS management and the ability to either initiate 
ECMO soon after enrollment or promptly transport patients to ECMO-capable cen-
ters. In order to optimize safe and timely transfer, a mobile ECMO team would be 
deployed to the non-ECMO center where patients would be initiated on ECMO and 
transported back to an ECMO center [37]. Additionally, it was mandated that cen-
ters strictly adhere to pre-specified invasive mechanical ventilation strategies, which 
included standard of care lung-protective ventilation and adjunctive therapies (espe-
cially prone positioning and NMBAs) in the control arm and an ultra-lung- protective 
ventilation strategy in the ECMO arm.

Patients included in the study met one of the following three criteria: (1) PaO2/
FiO2 ratio <50 mmHg for >3 h despite optimization of mechanical ventilation and 
the potential use of adjunctive therapies (inhaled nitric oxide or prostacyclin, 
recruitment maneuvers, HFOV, or almitrine infusion); (2) PaO2/FiO2 <80 mmHg 
for >6 h (otherwise, as above); or (3) pH <7.25 with a PaCO2 ≥60 mmHg for >6 h 
(with respiratory rate increased to 35 breaths per minute) resulting from mechani-
cal ventilation settings adjusted to keep plateau airway pressure (Pplat) ≤32 
cmH2O. Physicians were strongly encouraged to use NMBAs and prone position-
ing prior to randomization in all patients. A full list of exclusion criteria can be 
found in the EOLIA supplementary appendix [2].

Patients randomized to the ECMO arm underwent percutaneous venovenous 
cannulation. To limit VILI, mechanical ventilation was set to: volume-assist control, 
FiO2 0.3–0.6, PEEP ≥10 cmH2O, tidal volume adjusted for Pplat ≤24 cmH2O, with 
a respiratory rate of 10–30 breaths per minute, or a version of airway pressure 
release ventilation (APRV) mode with a high pressure level ≤24 cmH2O and a low 
pressure level ≥10 cmH2O.

Patients in the control arm were managed according to the settings outlined by 
the “pulmonary recruitment” group of the Express trial with volume-assist control, 
tidal volumes of 6 mL/kg PBW and PEEP set so as not to exceed a Pplat of 28–30 
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cmH2O. Crossover to ECMO was permitted in patients with refractory hypoxemia 
defined as a saturation of arterial oxygen (SaO2) <80% for >6 h despite the use of 
prone positioning, NMBAs and other adjunctive therapies as feasible, and only in 
the absence of irreversible multiple organ failure and when the treating clinician felt 
that ECMO could change the outcome of the patient.

Controversially, at the recommendation of the Data Safety Monitoring Board 
(DSMB), enrollment was stopped in April 2017 after continuation was determined 
to be futile in achieving the primary endpoint based on pre-specified criteria. Of the 
249 patients who had been randomized, 124 had been assigned to the ECMO group 
and 125 to the control group. Among the control patients, 35 (28%) crossed over to 
ECMO for refractory hypoxemia.

At 60 days, 44 patients (35%) in the ECMO group and 57 (46%) in the control 
group had died (RR 0.76, 95% CI: 0.55–1.04, p = 0.09). The Kaplan-Meier survival 
estimates for the primary outcome are presented in Fig. 7.1.

Of the three inclusion criteria described above, one potentially important signal 
occurred among patients meeting Criteria #3—those with an arterial pH <7.25 with 
a PaCO2 ≥60 mmHg for >6 h. In this group, mortality was 24% (6/25 patients) for 
ECMO-supported patients compared with 55% for control (11/20) patients. 
Although clearly underpowered to detect a statistically significant difference, this 
observation suggests that patients with severely reduced respiratory system compli-
ance may receive the greatest benefit from ECMO through a ventilation strategy that 
is beyond standard of care low-volume, low-pressure ventilation; a hypothesis that 
warrants further investigation.
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Fig. 7.1 Kaplan-meier survival estimates in the intention-to-treat population during the first 
60 days of EOLIA. From [2] with permission. Copyright © (2018) Massachusetts Medical Society
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The predicted mortalities in the conventional treatment and ECMO groups were 
60% and 40%, respectively. With observed mortalities of 46% and 35%, the study 
was underpowered to achieve significance based on prespecified calculations. The 
high prevalence of proning (90%) in the control arm, even prior to the adoption of 
prone positioning as the ideal standard of care [30], likely contributed to these 
lower than predicted mortality rates, further diminishing the ability to detect a 
statistically significant difference between the groups. One limiting factor in con-
ducting a larger study than in the past was the anticipated low rate of enrollment in 
EOLIA (less than 1 patient/unit/year). It has been estimated that 624 patients 
would have been required to have enough power to achieve statistical significance 
based on the actual mortality rates in EOLIA [38]. Even if 100 units had partici-
pated, such a study would take approximately 9 years to complete, which may be 
considered an impractical amount of time, especially given rapidly evolving 
changes in technology and practice.

Another controversial feature of EOLIA was the high rate of crossover from the 
control group to the ECMO group (28%), much higher than the anticipated 5% rate 
of crossover. These patients were noted, after the fact, to have markers of more 
severe ARDS at baseline, with higher plateau and driving pressures, lower respira-
tory system compliance, and more extensive infiltrates on chest radiography. 
Before crossing over, 25% of these patients had cardiac arrests, 20% had severe 
right heart failure, and 17% received ECMO while undergoing cardiopulmonary 
resuscitation (CPR). Sixty-day mortality was 57% for the crossover patients, com-
pared with 41% for control patients who did not cross over and 35% for the ECMO 
group.

Allowing patients to cross over from control to intervention dilutes the estimated 
treatment effect, if any, when analyzing the data as intention-to-treat. However, at 
the time EOLIA was designed, there was insufficient clinical equipoise at most 
ECMO centers to conduct a trial of ECMO versus conventional management with-
out the option for crossover, the very centers where EOLIA would need to be con-
ducted. This then begs the question, how would the effect estimate have changed if 
these crossover patients had not received ECMO? Of the 35 patients who crossed 
over from conventional therapy to salvage ECMO, 15 (43%) survived. It is impos-
sible to know what would have happened to those patients had they not received 
ECMO. At the very least, among those who received ECMO during cardiac arrest, 
the likelihood of survival would assuredly have been very low. In order to account 
for this uncertainty, post hoc sensitivity analysis of treatment failure at 60 days was 
conducted for different hypothetical survival rates in the crossover group, ranging 
from 0 to 33%. A survival rate of 33% or less in the crossover group had they not 
received ECMO (rather than the observed rate of 43% with crossover to ECMO) 
would have led to a statistically significant relative risk of death favoring the ECMO 
arm. Moreover, a rank-preserving structural failure time model, used to adjust for 
the effect of crossover, estimated a hazard ratio for death within 60  days that 
approached statistical significance (0.51 [95% CI: 0.24–1.02, p = 0.055]), further 
suggesting that there was a true effect of ECMO in reducing mortality, contrary to 
what the p value alone would traditionally indicate.
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7.6  Lessons Learned from EOLIA

Overall, the EOLIA trial was a negative study, having failed to achieve a statistically 
significant improvement in survival with ECMO compared with conventional 
mechanical ventilation. This result, in combination with low enrollment rates and an 
unexpectedly high rate of crossover, may lead clinicians to conclude that ECMO 
has no advantage over optimal conventional management in very severe forms of 
ARDS. However, the results of the EOLIA trial are informative in how ECMO may 
be paired with lung-protective ventilation strategies beyond the current standard of 
care to improve outcomes (Box 7.1).

The implementation of ECMO permitted considerable reductions in mechanical 
ventilatory parameters. Patients receiving ECMO were able to have their tidal volumes, 
plateau airway pressures, driving pressures, and respiratory rates decreased well below 
those in the control groups. Specifically, after one day on ECMO, tidal volumes were 
reduced by more than 40%, driving pressures by 25%, plateau pressures by nearly 
20%, and respiratory rates by nearly 25%. These changes inevitably translated into a 
marked reduction in the mechanical forces applied to the lungs, compared with the 
conventional arm, very likely with an associated decrease in the risk or degree of VILI.

The design and results of EOLIA point to the importance of ARDS management by 
experienced centers. Volume-outcome relationships in healthcare have been well estab-
lished, including in the use of mechanical ventilation for respiratory failure [39]. This 
association seemed to hold true in the CESAR trial in which patients with severe acute 
respiratory failure transferred to a regional ECMO referral center had better outcomes 
and were more likely to receive lung-protective ventilation, regardless of whether or not 
they received ECMO, compared to non-transferred, control patients. Poor adherence to 
lung-protective ventilation, as well as an inability to perform more advanced maneuvers, 
such as prone positioning, at less experienced centers, suggests that transferring patients 
with ARDS to more experienced respiratory failure centers would optimize outcomes 
[3]. A proposed algorithm for ARDS management is outlined in Fig. 7.2.

Box 7.1 Findings from the EOLIA trial in favor of and against the use of 
extracorporeal membrane oxygenation (ECMO) in severe acute respiratory 
distress syndrome (ARDS)

In favor of ECMO Against ECMO
Trend towards decreased mortality in ECMO 
versus control group (35% vs. 46%, relative risk 
0.76; 95% CI: 0.55–1.04, p = 0.09)

Primary outcome failed to reach 
statistical significance

Rapid improvement in gas exchange compared 
with non-ECMO arm

Trial stopped early by DSMB for 
futility in reaching primary outcome

Potential to permit greater lung-protective ventilation 
(tidal volumes reduced by >40%, driving pressures 
by 25%, respiratory rate by >20%)

Unknown economic implications of 
ECMO use

Significantly more days free from renal failure, 
renal replacement therapy, and cardiac failure. No 
increased rate of stroke

Significantly more severe 
thrombocytopenia and bleeding 
events requiring transfusion

DSMB Data Safety Monitoring Board
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Patient meets Berlin criteria for ARDS

Initial Assessment and Management

Mild ARDS

NoIs patient receiving
noninvasive ventilation?

Is patient clinically stable,
PaO2/FiO2 >200 mmHg,
and tolerating non-invasive
ventilation?

Consider continuing
non-invasive ventilation?

No

No

No

Yes

Yes

Yes

Consider VV-ECMO

Dose the patient meet any of these criteria:

Achieve deep sedation and prone positioning

Controlled mechanical ventilation

Consider neuromuscular blocking agents and other adjunctive therapiesa

Yes

Acute onset
Respiratory failure not solely due to hydrostatic edema
Bilateral opacities on chest radiograph

Diagnose and treat underlying cause of ARDS
Measure patient height and calculate predicted body weight
Start oxygen and ventilatory support according to severity

200 mmHg < PaO2/FiO2 ≤ 300 mmHg
with PEEP or CPAP ≥5 cmH2O

Severe ARDS
PaO2/FiO2 ≤ 100 mmHg
with PEEP ≥5 cmH2O

Moderate ARDS
100 mmHg < PaO2/FiO2 ≤ 200 mmHg
with PEEP ≥5 cmH2O

Target tidal volume 6 mL/kg predicted weight and Pplat ≤ 30 cm H2O

Consider higher PEEP in moderate and severe ARDS

Keep PaO2 55–80 mmHg or SpO2 88%–95% and pH ≥ 7.25

Is PaO2/FiO2 ≤150 mmHg?

PaO2/FiO2 <50 for >3 h?

PaO2/FiO2 <80 for >6 h?

pH <7.25 with PaCO2 ≥60 mmHg for >6 h?

If patient deteriorates, reassess strategy

Continue current strategy and deescalate interventions when possible
after patient improves

Fig. 7.2 Suggested algorithm for management of acute respiratory distress syndrome (ARDS). 
Adapted from [5] with permission. CPAP continuous positive airway pressure, FiO2 fraction of 
inspired oxygen, PEEP positive end-expiratory pressure, Pplat plateau pressure measured after a 
0.5  s end-inspiratory pause when there is no flow, SpO2 oxygen saturation measured by pulse 
oximetry, VV-ECMO venovenous extracorporeal membrane oxygenation. aAdjunctive therapies, in 
addition to prone positioning and the use of neuromuscular blocking agents, as used in the EOLIA 
trial, including: inhaled nitric oxide or prostacyclin, recruitment maneuvers, high-frequency oscil-
latory ventilation, or almitrine infusion

7 ECMO After EOLIA: The Evolving Role of Extracorporeal Support in ARDS



96

Given the complex, resource-intensive nature of ECMO, it is not surprising that 
a favorable volume-outcome relationship has been suggested both by data from the 
influenza A(H1N1) pandemic and more recently by an international registry-based 
study of over 50,000 patients [15, 40]. These findings, along with the results of 
EOLIA, further support the regionalization of ECMO programs in many settings for 
patients with respiratory failure to ensure the safe use of ECMO and adherence to 
the highest standards of care [41]. The reassuringly low rate of complications in the 
EOLIA trial is likely to be, at least in part, a reflection of the level of experience with 
ECMO at participating sites. If a patient warrants ECMO support but ECMO is 
unavailable at that hospital, referral to a center with ECMO transport capabilities 
should be considered [42].

7.7  Future Directions and Areas of Uncertainty

7.7.1  Optimal Ventilatory Parameters During ECMO

The EOLIA trial, while in and of itself informative, opens the door to multiple 
future avenues of research. The purpose of ECMO in the EOLIA trial was not to 
replace conventional mechanical ventilation, but rather to demonstrate how the 
two could be used synergistically to improve outcomes, mostly through the use of 
a very-lung-protective ventilation strategy to minimize VILI.  EOLIA used a 
mechanical ventilation approach in the ECMO group that limited Pplat to 24 
cmH2O, with moderate levels of PEEP and what may be considered by some to be 
only a modest reduction in the respiratory rate (compared to what may be achiev-
able with ECCO2R). It remains to be determined what the optimal ventilator set-
tings are during ECMO support for severe ARDS in order to maximally reduce 
VILI, and whether reductions in parameters beyond those used in EOLIA could 
offer additional benefit. Questions remain as to whether the use of ECCO2R to 
achieve similar reductions in mechanical ventilation in patients with less severe 
forms of ARDS can likewise improve outcomes. The feasibility and effects of 
ECCO2R-facilitated ultra- lung- protective ventilation in less severe forms of 
ARDS are currently being evaluated by a large prospective randomized trial (pRo-
tective vEntilation with veno-venouS lung assisT in respiratory failure [REST]; 
ClinicalTrials.gov identifier: NCT02654327). Additionally, an international, mul-
ticenter pilot study (Strategy of UltraProtective lung ventilation with Extracorporeal 
CO2 Removal for New- Onset moderate to seVere ARDS [SUPERNOVA]; 
ClinicalTrials.gov Identifier: NCT02282657T) assessing the safety and feasibility 
of 4 mL/kg tidal volumes with the use of ECCO2R was recently completed and 
has helped inform the design of an upcoming randomized control trial. There have 
also been consensus statements by groups of ECMO experts calling for an ECMO 
research agenda to address transfusion policies, anticoagulation strategies, and 
the role of early mobilization during ECMO support, among other areas of uncer-
tainty [1].
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7.7.2  The Economics of ECMO

In the current era of value-based healthcare, the costs of ECMO will be under scru-
tiny. Unadjusted cost-analysis of the 2009 influenza A(H1N1) pandemic in Australia 
and New Zealand found the use of ECMO to be associated with a five-fold increase 
in costs compared with those who did not receive ECMO [43]. Moreover, an eco-
nomic evaluation of the CESAR trial in the United Kingdom found that the average 
cost per ECMO-referred patient was more than double the average cost of non- 
referred patients. However, when assessed as a lifetime prediction of cost per 
quality- adjusted life year, the costs were within the values regarded as affordable by 
many healthcare systems [12]. A later Brazilian study reported similarly appropriate 
cost-utility ratios [44]. While regionalization of ECMO at select centers may reduce 
costs, future studies across a variety of countries and healthcare systems are needed 
to assess the true global economic impact of ECMO to better guide policymaking in 
healthcare.

7.8  Conclusion

The EOLIA trial compared the use of ECMO to optimal conventional management 
in the most severe forms of ARDS. While considered a traditionally negative study 
statistically, owing in part to a high rate of crossover to ECMO, and a mortality rate 
in the control arm that was less than anticipated in the setting of high rates of prone 
positioning, it nonetheless remains highly informative [45]. The effect size and con-
fidence intervals, along with post hoc analyses and secondary outcomes favoring the 
ECMO arm, all suggest a clinical benefit to the use of ECMO in this setting. EOLIA 
demonstrated relatively low complication rates with ECMO, identified a subset of 
patients (i.e., those with more severe reductions in respiratory system compliance) 
who may receive greater benefit from extracorporeal support, and highlighted the 
importance of ARDS (and ECMO) management at expert centers.

Research networks, such as the international ECMO Network (ECMONet; www.
internationalecmonetwork.org), have been established to better define the role of 
ECMO in respiratory and cardiac failure by facilitating high-quality, collaborative 
research, along with the Extracorporeal Life Support Organization (ELSO; www.
elso.org) and others. With the results of EOLIA and growing momentum for addi-
tional ECMO and ECCO2R trials, there will likely be greater acceptance of includ-
ing ECMO in the management algorithm of ARDS.
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8Physiological and Technical 
Considerations of Extracorporeal CO2 
Removal

C. Karagiannidis, F. Hesselmann, and E. Fan

8.1  Introduction

Extracorporeal systems are increasingly used in severe hypoxemic and/or hypercap-
nic respiratory failure [1]. Although recent data have shown an advantage of high- 
flow veno-venous extracorporeal membrane oxygenation (VV-ECMO) in severe 
acute respiratory distress syndrome (ARDS) [2, 3], there is a paucity of evidence 
regarding the utility of extracorporeal CO2 removal (ECCO2R, often similarly used: 
low-flow ECMO) in patients with respiratory failure. Despite this fact, the number 
of available systems is dramatically increasing. In this chapter, we therefore provide 
an overview of the currently used technologies with advantages and disadvantages 
in the light of physiology.

8.2  Physiology of Carbon Dioxide (CO2)

Most of the CO2 of our body is stored as bicarbonate (HCO3
−) in slow reacting com-

partments such as bones and therefore not directly accessible for CO2 removal. Only 
1–5% of the total CO2 content is dissolved in the blood and thus can be removed 
with an extracorporeal system. The only way to increase the soluble CO2 content in 
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plasma is to further dissolve it from HCO3
−. This has been achieved experimentally 

through electrodialysis, an interesting technology with the ability to increase the 
efficiency of CO2 removal with low blood flow rates [4]. However, the diffusion 
capacity for CO2 is far higher than for oxygen, facilitating the opportunity for effec-
tive CO2 removal even with lower blood flow rates than required for oxygenation. 
Moreover, in regard the different compartments of CO2 storage, long-term CO2 
removal may at least theoretically reduce the amount of stored of CO2 in the body, 
which is approximately 120 L and therefore about 10 times more than oxygen.

Among all the physiological effects of CO2, the effect on the pulmonary vascu-
lature is of major importance. CO2 is one of the strongest vasoconstrictors of the 
pulmonary arterial vessels. Removing CO2 extracorporeally may therefore lead to 
lowering of the mean pulmonary arterial pressure by vasodilatation of the pulmo-
nary vessels [5], but might have the disadvantage that reversing the vasoconstrictive 
effect may lead to unselective vasodilatation in all areas of the lung, leading to 
increased shunt fraction in some patients with atelectasis.

8.3  Control of Respiratory Drive

A further effect of CO2 is its function as the strongest stimulus of the central respira-
tory drive [6], which is sometimes hard to control in daily clinical practice in patients 
with severe lung failure. Therefore, ECCO2R may serve as a powerful tool to con-
trol this drive. This might be important in patients with ARDS [7] particularly by 
reducing high transpulmonary pressure and therefore ‘spontaneous breathing 
induced, and ventilator-associated’ lung failure (i.e., patient self-inflicted lung 
injury) [8]. Furthermore, ECCO2R may facilitate spontaneous breathing even in 
patients with severe respiratory failure being bridged to lung transplantation [9]. 
However, clinical experience supports the notion that regulation of the respiratory 
drive is independent of CO2 in some critically ill patients (e.g., patients with stiff or 
fibrotic lungs and strong respiratory drive stimulated by the Hering-Breuer reflex) 
[10, 11].

8.4  ECCO2R Systems and Cannulas

Increasing numbers of different ECCO2R systems are becoming available on the 
market, nearly all of them for veno-venous access. Historically, these systems 
evolved on the one hand from very low-flow renal-replacement therapy, operat-
ing at blood flow rates between 200 and 400 mL/min and driven by roller pumps 
[12], and on the other hand from high-flow ECMO systems with variable blood 
flow rates, driven by centrifugal pumps. The membrane lungs (often similarly 
used: oxygenator) available are usually not specifically designed for ECCO2R 
systems. Therefore, a large variety of membrane lungs with surface areas from 
0.32 m2 to more than 1 m2 are available on the market and in use. Most systems 
outside the operating room are coated with heparin and, as an alternative, with 
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 phosphorylcholine/phosphatidylcholine or albumin. Furthermore, many mem-
brane lungs designed for ECMO offer the opportunity to heat the patient. 
Although this is often not necessary in low-flow systems, some patients (e.g., 
with low body mass index [BMI]), such as some patients with chronic obstruc-
tive pulmonary disease (COPD), tend to have a decrease in body temperature 
even with low blood flow rates.

For vascular access, different cannulas are in use. Very low-flow systems often 
utilize dual-lumen dialysis catheters. Although the price is very low, the recircula-
tion rate is high with these catheters [13], limiting the efficiency of CO2 removal. 
For higher blood flow rates, specifically designed double lumen cannulas can be 
used, usually in the range from 14.5 to 20 Fr. It is important to note that adapters 
for these smaller cannulas are often 1/4  inch (0.6 cm) whereas larger cannulas 
(>20 Fr) usually use 3/8 inch (1 cm) adapters, as is used for high flow ECMO. As 
an alternative to expensive and specifically designed double lumen cannulas, two 
small single lumen cannulas can be used offering the advantage of lower implan-
tation risk and cost, and nearly no recirculation, whereas the main disadvantage is 
that two vessels have to be cannulated. Finally, smaller diameter tubing is often 
more flexible than typical 3/8 inch tubing, leading sometimes to unexpected kink-
ing in daily clinical practice.

8.5  Pump Technology

As mentioned earlier, ECCO2R systems with blood flow rates between 200 and 
400 mL/min are typically driven by roller pumps—with the exception of the specifi-
cally designed Hemolung RAS system (ALung Technologies, Pittsburgh, PA, 
USA)—and those with blood flow rates above 500 mL/min are usually driven by 
centrifugal pumps, also called rotary blood pumps. A direct comparison of the 
hemolysis, coagulation, and inflammatory response potential, and thus a universal 
preference between roller pumps and centrifugal pumps appears difficult due to the 
various systems and versatile fields of application. However, centrifugal pumps play 
a major role in extracorporeal lung assist systems, especially due to their ability to 
increase the blood flow far above 400 mL/min if necessary.

From an engineering perspective, several critical aspects related to the function-
ality of centrifugal pumps at different operating conditions are important. As with 
the large, industrially used turbomachines, rotary blood pumps are developed for a 
specific design point. The respective components of the pump are dimensioned for 
this design point to allow for optimal flow guidance, as loss-free and efficient as 
possible. In contrast to the large turbomachinery in industry, blood pumps operate 
in a wide range of flow rates and pressures (e.g., 0.5–10  L/min, 0–800  mmHg) 
instead of a specific operating or design point. This broad application range can be 
achieved, in very simplified terms, by shifting the design point to high pump flows 
and by oversizing the hydraulic pump components. Although this reduces the flow- 
induced friction losses with large pump flows, it can show increased blood damage 
at small pump flows [14].
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The hemolysis index (HI), defined as the ratio of the increase in plasma free 
hemoglobin (ΔHb) to the total hemoglobin concentration, is dependent on the oper-
ating point of rotary blood pumps (Fig. 8.1a). The HI appears to increase in a non-
linear fashion for decreasing flows. It can be expressed as a functional relationship 
of the main factors exposure time, t (estimated as the ratio of priming volume and 
pump flow), and the effective stress, τ [15]:
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Whereas the shear stress increases with increasing pump speed and pump flow 
(Fig. 8.1b), the exposure time is positively associated with pump flow (Fig. 8.1c) 
and is correlated with the HI at low pump flows [16].

A high priming volume, as is required for the desired application in a large oper-
ating range of blood pumps, can therefore negatively affect the exposure time and 
hence the HI. Another reason why the HI is dependent on the operating point of 
rotary blood pumps is the high degree of blood recirculation in the gaps at low flows 
(the ratio of main pump flow to gap flow and or pump-internal return flow), which 
is also displayed as low hydraulic efficiency. The Rotaflow pump (Getinge AB, 
Gothenburg, Sweden) illustrates why rotary blood pumps do not operate equally 
well at every operating point from a hemocompatibility point of view. The gap flows 
increase for high speeds and corresponding high pressures and towards low flow 
rates, whereby the ratio between pump flow and the sum of the two gap flows can 
easily be 1–10 (Fig. 8.2a, b). This means that the majority of blood recirculates 
through the gaps multiple times before leaving the pump, significantly reducing the 
hydraulic efficiency of the pump to <10% (Fig. 8.2c). This multiple exposure flow 
can lead to increased hemolysis in the blood.
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In conclusion, the authors recommend that industry consider the design of new 
low-flow pumps featuring smaller filling volumes (Fig. 8.1a) to decrease the amount 
of flow recirculation and the exposure time and ultimately reduce the risk of hemo-
lysis at low flow rates.

8.6  Membrane Lung Technology

Nearly all ECCO2R systems use established membrane lungs, typically designed for 
different applications than ECCO2R. However, this may lead to increased clotting as 
observed in some clinical reports [17]. Therefore, specifically designed membrane 
lungs for ECCO2R may be of particular importance. From an engineering point of 
view, adequate gas exchange and high hemocompatibility are the main goals of the 
design process of a membrane lung. Depending on the application, a low pressure 
drop and low priming volume would also be favorable.

Gas exchange is mainly determined by the membrane surface area in artificial 
lungs [18]. The exchange area is commonly estimated based on empirical values or 
simulated oxygen transfer predictions [19] and then validated experimentally. 
However, a large membrane surface area has increased thrombotic potential due to 
its artificial character. Progressive or acute clot formation in the membrane lung is 
the reason for an acute or elective system exchange in up to a third of cases [20]. 
The thrombotic potential of membrane lungs correlates with low flow states [21, 
22]. Therefore, sufficient washout and homogeneous flow distribution is the key to 
reduce the risk of thrombus formation and clots.

As a preliminary indicator, the theoretical washout, Nwo, depends on the priming 
volume and determines the washout capabilities in the intended flow range of differ-
ent membrane lungs:

 

N
V

Vwo
pr

=


 

In this equation, V  is the flow rate and Vpr is the priming volume of the mem-
brane lung. The theoretical washout describes the amount of volume exchange at 

0 2 4 6 8
1.5

2.5

3.5

4.5

5.5

Pump flow [L/min]

T
op

  g
ap

 fl
ow

 [L
/m

in
]

0 2 4 6 8
1.50

2.50

3.50

4.50

5.50

Pump flow [L/min]

B
ot

to
m

 g
ap

 fl
ow

 [L
/m

in
] 

Impeller

top gap flow

Velocity in Stn Frame
Plane 2

15.0

11.3

7.5

3.8

0.0
[m s–1]

bottom gap flow

Pump flow

0 2 4 6 8
0

5

10

15

20

25

30

35

40

Pump flow [L/min]

H
yd

ra
ul

ic
 e

ffi
ci

en
cy

 [%
]

RotaFlow_5000

RotaFlow_4000

RotaFlow_3000

RotaFlow_2000

a b c

Fig. 8.2 Gap flow (panels a and b) and hydraulic efficiency (panel c) of rotary blood pumps

8 Physiological and Technical Considerations of Extracorporeal CO2 Removal



106

a given flow rate. An overview of different commercially available devices and 
their volume exchange rate at maximum and, most importantly, minimum flow 
rate is given in Table 8.1. Of note, the minimum theoretical washout is typically 
around 2/min. However, for current devices, many of which were designed for 
ECMO applications, operating at such low flows is associated with an elevated 
risk of thrombus formation inside the devices with all the associated problems: 
elevated pressure drop, decreased gas transfer efficiency, or ultimately mechani-
cal failure and the need for a system exchange. For example, operating a Hilite 
7000 LT (see Table 8.1) at a flow of 0.5 L/min would yield a theoretical, poten-
tially insufficient, washout <2/min.

There are two principle configurations of membrane lungs that determine the 
flow path (see Table 8.2). The fiber matrices are either wound around an inner cyl-
inder or stacked and glued into a rectangular housing. Examples of a wound mem-
brane lung are the Hilite product line (Xenios AG, Heilbronn, Germany) and 
CAPIOX Oxygenator (Terumo, Tokyo, Japan). One of the advantages is the 

Table 8.1 Priming volume and theoretical washout (data for commercially available devices were 
obtained from manufacturers’ manuals)

Device
Priming volume 
(mL)

Flow range (L/
min) Theoretical washout (/min)

Novalung iLA 175 0.5–4.5 2.86–25.71
Quadrox-i Pediatric 99 0.2–2.8 2.02–28.28
Quadrox-i Small 
Adult

175 0.5–5 2.86–28.57

Quadrox-i Adult 215 0.5–7 2.33–32.56
Capiox RX05 43 0.1–1.5 2.36–34.88
Hilite 800 LT 55 0.1–0.8 1.82–14.55
Hilite 2400 LT 95 0.35–2.4 3.68–25.26
Hilite 7000 LT 320 1–7 3.13–21.88

Table 8.2 Advantages and disadvantages of most common configurations of membrane lungs for 
CO2 retention applications

Stacked Wound
Advantages −  Low pressure drop through higher 

permeability in flow direction
− Unidirectional flow
−  Increased convectional gas transfer 

through cross-layered fiber 
arrangement

− Countercurrent flow possible

Disadvantages −  Inhomogeneous wash out of the 
corners and higher risk of thrombus 
formation

− Allows only crosscurrent flow

−  Prone to clogging through washed in 
debris due to its smaller cross-
sectional area

−  Mostly long fibers and long flow 
path

Examples − iLA (Novalung, Germany)
− Quadrox series (Maquet, Germany)

−  Hilite product line (Medos 
Medizintechnik AG, Germany)

−  CAPIOX oxygenator (Terumo, 
Japan)
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possibility of countercurrent gas flow, which allows a constant driving force for the 
diffusion of the gas. On the other hand, the fiber length is usually longer. The stacked 
design has a wide cross-sectional area and a rather short flow path through the fiber 
bundle. The bigger cross-sectional area makes this design comparably more resis-
tant to clogging through washed in debris and it offers lower pressure drop. However, 
it is obviously more challenging to distribute a tubular flow profile at the inlet con-
nector equally over the full cross-sectional area of the fiber bundle. Consequently, 
the corners experience lower blood flow velocities and thus are usually prone to 
clotting. The Quadrox product line (Getinge AB, Gothenburg, Sweden) and iLA 
(Xenios AG, Heilbronn, Germany) are prominent examples of stacked membrane 
lung design.

For CO2 retention applications, further design parameters require attention. The 
driving force for the gas exchange according to Fick’s law of diffusion is the partial 
pressure difference between blood and sweep gas. Although the pressure gradient 
for oxygen is approximately 650 mmHg [23], the gradient for CO2 is usually only 
45–90 mmHg. Along the fiber, the CO2 content will adjust to the blood content and 
the diffusive driving force declines. To obtain an efficient membrane lung with the 
lowest necessary amount of membrane surface, a design incorporating short fibers 
and allowing high sweep gas ratios keeps the gradient over the full length of the 
fiber at the highest possible level.

In addition, various attempts to increase CO2 elimination on membrane lungs 
have been made. Eash et al. recognized that the major resistance to gas transfer in 
membrane lungs lay in the blood-sided laminar boundary layer on the membrane 
surface and was proportional to the thickness of this layer [24]. Active and passive 
approaches have been investigated to disrupt the boundary layer and overcome the 
diffusive resistance. The most prominent example for active mixing is the Hemolung 
RAS device (ALung Technologies Inc., Pittsburgh, PA, USA). Svitek et al. docu-
mented an increase in CO2 removal by 133% by rotation of the fiber bundle with 
1500 RPM [25]. A passive approach was evaluated by developing a membrane lung 
with circular blood flow paths that promote gas transfer through secondary flow 
[26].

In conclusion, the authors recommend that membrane lungs should be specifi-
cally designed for ECCO2R with target blood flow rates <500 mL/min and 500–
1500 mL/min with optimized blood flow paths aiming for faster washout and lowest 
possible clotting rate.

8.7  Blood Flow Rates and Treatment Goals

Considering all the possible modifications of the circuit, the blood flow rate is the 
main determinant and easiest way to increase the CO2 removal rate. Human and 
animal data suggest that a blood flow rate of 250 mL/min removes 40–60 mL CO2/
min [27–32], accounting for 20–25% of total CO2 production in patients at rest, 
whereas an increase in the blood flow rate up to 1000 mL/min removes approxi-
mately 150 mL CO2/min. In most patients, this blood flow rate is enough to remove 
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approximately 50–60% of total CO2, which may be associated with an important 
clinical impact. Furthermore, the CO2 removal capacity is independent of the oxy-
gen content of the sweep gas flow, with even 21% oxygen (ambient air) sweep gas 
having no impact on CO2 removal capacity compared to 100% oxygen (own unpub-
lished data). Therefore, under defined circumstances, ambient air can be used for 
ECCO2R systems, only loosing 10–30 mL oxygen transfer/min compared to use of 
100% oxygen as sweep gas. By contrast, in high-flow ECMO, CO2 removal capac-
ity is linearly correlated with the sweep gas flow rate; sweep gas flow rates >5–6 L/
min have only a minor impact on CO2 removal in low flow systems, and this is more 
pronounced in systems with large membrane lung surfaces [13, 18].

In general, in choosing the ‘right’ system for the ‘right’ patient, one has to con-
sider that the discrepancy between a low blood flow rate and large surface area may 
lead to more clotting, since the passing time through the membrane lung is slow. To 
avoid the vicious circle of clotting, associated loss of coagulation factors (particu-
larly fibrinogen) and secondary bleeding, anticoagulation with a target activated 
partial thromboplastin time (aPTT) of 1.8–2 times the reference is often necessary. 
Nevertheless, optimizing the membrane lung surface area and new developments 
focusing on specific designs for low blood flow rates with faster transit times 
through the membrane lung represent promising opportunities to avoid the potential 
adverse effects of anticoagulation. Importantly, use of lower blood flow rates and 
systems is not necessarily less invasive or less risky!

8.8  Which CO2 Removal Capacity Is Appropriate?

In our opinion, there is no right or wrong blood flow rate. The amount of CO2 
removal is dependent on the treatment goals for the patient. A blood flow rate of 
1000 mL/min removes half of the CO2 and may correct even severe respiratory aci-
dosis [13], whereas very low blood flow rates have a less pronounced effect. Thus, 
low flow rates may be more appropriate in patients with less severe respiratory aci-
dosis or to reduce the invasiveness of mechanical ventilation in ARDS. However, 
there are currently no high-quality data for an evidence-based recommendation in 
COPD or in ARDS.  The authors therefore recommend attempting to include all 
patients with potential indications for ECCO2R into large observational registries or 
clinical trials when possible.

8.9  Conclusion

Despite the lack of rigorous data, the use of extracorporeal support devices for 
respiratory failure is increasing at an exponential rate around the world. ECCO2R 
represents a promising technology that may be useful in patients with hypercapnic 
respiratory failure, or to reduce the intensity of mechanical ventilation delivered 
to patients with ARDS.  Current systems available on the market are typically 
hybrid constructs, made up of components that were not necessarily designed or 
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optimized for the delivery of low flow rates. The development of purpose-driven 
ECCO2R devices—with custom pumps, membrane lungs, cannula, and tubing—
may improve the risk/benefit profile for these devices. Clinical trials are urgently 
needed to confirm the potential efficacy of ECCO2R in patients with respiratory 
failure.
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9Cardiac Arrest in the Intensive Care Unit

J. Tirkkonen, I. Efendijev, and M. B. Skrifvars

9.1  Introduction

Most in-hospital cardiac arrests (IHCAs) occur on normal general wards due to 
non-cardiac etiology, and the prognosis is poor with only one fifth of IHCA patients 
surviving to hospital discharge [1–3]. Studies from the last two decades have 
repeatedly highlighted the presence of abnormal vital signs preceding a clear 
majority of IHCAs [4, 5]. This explains the poor survival even when immediate 
advanced cardiac life support is provided; if the cardiac arrest occurs after hours of 
continuous hemodynamic and respiratory instability, efforts to recover spontane-
ous circulation do not solve the core problem [6]. Therefore, in-hospital advanced 
cardiac life support programs have shifted towards the prevention of cardiac arrest 
in general wards through use of rapid response systems [7]. A multitude of before-
after trials have shown that IHCAs (and indeed also in-hospital deaths) may be 
avoided through early detection of deteriorating vital signs and timely transfers to 
intensive care [8].

A less investigated subgroup of IHCAs are those occurring inside the intensive 
care unit (ICU). Intensive care is considered cost-effective compared with other 
healthcare interventions, but the daily costs are nevertheless high [9]. In Finland, for 
example, the average one-year healthcare cost is $40,000 for a patient with 
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ICU-treated traumatic brain injury (TBI), whereas the average one-year healthcare 
cost for a patient that survives an ICU-CA with poor neurological outcome is 
$519,000 [10, 11].Therefore, we should acknowledge the ethical and financial bur-
den of ICU-CAs and, as with IHCAs, shift the treatment strategy from reactive 
(resuscitation) to proactive (prevention). Indeed, some ICU-CAs may be iatrogenic 
in nature and therefore potentially avoidable. In this chapter, we provide an over-
view of what is currently known on the incidence, etiology and outcome of cardiac 
arrests occurring on the ICU. In addition, we will touch upon strategies aimed at 
preventing ICU-CAs.

9.2  Definition of ICU Cardiac Arrest

IHCA refers to the cessation of cardiac activity in a hospitalized patient who had 
a pulse at the time of admission [12]. Therefore, we suggest that ICU-CA should 
be defined as ‘the cessation of cardiac activity in a patient admitted to the ICU 
who had a pulse at the time of ICU admission’. However, marked variability in 
ICU-CA definitions exist, which makes comparisons between different studies 
more complicated. Anthi et al. defined ICU-CA as “the sudden cessation of effec-
tive cardiac action resulting in brain hypoperfusion and requiring initiation of 
cardiopulmonary resuscitation (CPR) with compressions” [13], whereas in a 
study by Chang et al. it was required that “pulseless events were documented by 
either a duty physician or an experienced ICU nurse via carotid palpation” [14]. 
In a Finnish retrospective multicenter registry study, the ICU-CA cohort included 
also patients requiring just defibrillation, as the Therapeutic Intervention Scoring 
System-76 (TISS-76) documentation “requirement for CPR and/or countershock 
within 48 h” was used to define the ICU-CA cases [15]. Further, some studies 
from the 1990s also included respiratory arrests in the ICU-CA cohort [16, 17]. 
The more recent ICU-CA studies do not always use clear definitions either; 
although an Australian study clearly stated that ICU-CAs were defined according 
to the Utstein Statement [18], a Korean study did not define their ICU-CA cases 
at all [19]. It is evident that this variation in definition will make comparison 
between studies very difficult.

9.3  Incidence

The incidence of IHCA is between 1 and 5 events per 1000 hospital admissions 
[1–3, 20, 21]. These incidence counts often include, by definition, all the cardiac 
arrests occurring inside hospital doors, although arguably ICU-CAs form their own 
entity and differ substantially from general ward cardiac arrests [3, 20, 21]. The 
ICU-CA incidence varies greatly in the literature as presented in Table 9.1 [13–15, 
18, 19, 22–28]. The data come from two decades and four continents. Galhorta et al. 
[25] and Chan et al. [26] report incidence rates <5 cases per 1000 ICU admissions; 
in contrast Efendijev et  al. [15] report six-fold and Wallace et  al. [23] 19-fold 
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incidence rates. How can these differences be explained? Notably the study settings 
are quite different, as the studies by Galhorta et al. [25] and Chan et al. [26] were 
prospective singe center studies mainly evaluating the effectiveness of rapid 
response systems whereas the study by Efendijev et al. was a retrospective 10-year 
registry study including data from 21 different ICUs [15]. The study by Wallace 
et al. was conducted in a cancer center in the 1990s, and after reporting the extremely 
high incidence, the authors themselves indeed debate on the ethical and financial 
aspects of providing CPR among ICU patients with a malignant disease [23]. Worth 
mentioning is the fact that only three study cohorts consist of ICU-CA patients who 
had their arrest within the past decade (since August 2008), including a total of only 
189 cases [18, 19, 28]. Global temporal trends in ICU-CA incidence cannot be 
observed as the study settings vary substantially, but Efendijev et al. [15] reported 
that in Finland the ICU-CA incidence decreased between 2003 and 2013 (Fig. 9.1). 
The existing literature in any case suggests that approximately one in every hundred 
ICU patients had a cardiac arrest during his/her admission. In larger ICUs this trans-
lates to a weekly event.

Table 9.1 Incidence of intensive care unit cardiac arrests (ICU-CA)

Study Country
ICU-CA incidence per 1000 ICU 
admissions

Smith et al. (1995) [22] USA 11
Anthi et al. (1998) [13] Greece 7.3
Wallace et al. (2002) [23] USA 78
Enohumah et al. (2006) [24] Germany 10
Galhorta et al. (2007) [25] USA 4.0
Chan et al. (2008) [26] USA 4.4
Gershengorn et al. (2012) [27] USA 18
Skrifvars et al. (2012) [28] Australia 5.6
Lee et al. (2013) [19] Korea 13
Rozen et al. (2014) [18] Australia 6.3
Efendijev et al. (2014) [15] Finland 29
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9.4  Etiology and Primary Rhythm

Obviously, the presumed etiology of ICU-CA depends on the ICU setting. Cardiac 
reasons for a circulatory collapse are common in post-cardiac surgery ICUs, but rare 
in neurological/neurosurgical ICUs [29, 30]. In mixed ICU settings, the etiology of 
ICU-CA has been most commonly associated with septic shock (or respiratory fail-
ure/hypotension depending on the used definitions) and other non-cardiac reasons; 
in every sixth arrest at least three simultaneous conditions were associated with the 
ICU-CA in a large multicenter study by Tian et al. [31].

Non-shockable primary rhythms (pulseless electrical activity or asystole) are not 
considered to be common malignant manifestations of sudden cardiac ischemia, 
although autopsy findings of general ward IHCA patients have revealed perhaps 
higher than expected ischemic findings also among patients with non-shockable 
rhythms [3]. Primary rhythms in ICU-CA patients are often non-shockable as well, 
and the documented percentage is generally between 59 and 82 [18, 19, 24, 31].

9.5  Outcome

Survival to hospital discharge is not the most relevant of patient outcomes (as 1-year 
survival with good neurological outcome is, for example), but it is the most fre-
quently reported. Although Myrianthefs et  al. [32] reported that from the 111 
patients resuscitated in their general ICU none even survived to hospital discharge, 
in general ICU-CA patient prognosis is not so hopeless. Other studies have reported 
survival to hospital discharge rates between 2 and 79% [13–16, 18, 22–24, 27–30, 
33–35]. Anthi et al. [13] and Guney et al. [30] reported the highest survival to hos-
pital discharge percentages of >60 and 79, and also good long-term outcomes, but 
both these studies were conducted among post-cardiac surgery ICU patients who 
are known to have better ICU-CA prognosis compared with other ICU patient 
groups [15]. The survival percentages from general ICUs are lower, although the 
two most recent studies reported identical survival to hospital discharge ratios of 
44% [15, 18]. In general, the earlier studies report lower survival rates to hospital 
discharge compared with the more recent ICU-CA studies [13–16, 18, 22–24, 27–
31, 33–35]. Indeed, in the Finnish multicenter registry study, Efendijev et  al. 
reported that ICU-CA in-hospital mortality decreased during the 10-year study 
period in Finland [15].

Seven studies have reported the one-year survival after an ICU-CA, with a prog-
nosis of 1.8–39% when the results from the one previously mentioned study with 
post-cardiac surgery patients are excluded [11, 13, 14, 16, 33–35]. Figure 9.2 shows 
the one-year survival rates with study cohort sizes and study years. Although no 
strong deductions should be drawn from these data, it appears that the one-year 
survival of ICU-CA patients has improved over time. Kutsogiannis et al. have con-
ducted the longest follow-up of ICU-CA patients; they reported that 16% of the 
ICU-CA patients were alive 5 years after the event [35]. However, almost all data on 
long-term survival is over 10  years old. The outcome data that we are most 
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interested in is similarly rare; only Lee et al. [19] and Efendijev et al. [11] have 
published long-term neurological outcome data since 2006. Lee et al. [19] reported 
that 10% of ICU-CA patients had a cerebral performance category score (CPC) of 
1–2 90  days after the event, and Efendijev et  al. [11] reported that 36% of the 
ICU-CA patients had a CPC of 1–2 at one-year control.

9.6  Factors Associated with Outcome and Outcome 
Prediction

As in OHCAs and in-hospital general ward cardiac arrests, ‘traditional’ factors (ini-
tial shockable rhythm, short resuscitation time, lower morbidity) predict better out-
come among ICU-CA patients also [3, 19, 36]. Non-operative, non-cardiovascular 
ICU-CA patients have the highest mortality rates, while postoperative cardiovascu-
lar ICU-CA patients have the lowest in-hospital and one-year mortality rates [13, 
15]. The probability of survival to hospital discharge decreases as the number and 
severity of vital dysfunctions before an IHCA increases [5]. ICU-CAs do not differ 
in this aspect either; several studies have documented that, as expected, preceding 
hemodynamic and/or respiratory instability decreases the chances of survival after 
an ICU-CA. Tian et al. [31] reported that patients on vasopressors had half the prob-
ability of survival compared to non-vasopressor patients, and 96% of the patients on 
vasopressors either died or were discharged to rehabilitation or extended care facili-
ties. Rabinstein et al. [29] reported that in their cohort no patient survived ICU-CA 
after a preceding deteriorating clinical course.

Early prediction of definitive outcome in cardiac arrest patients is often incon-
clusive. To date three specific cardiac arrest prediction scores exist. These are the 

45

40

35

30

25

20

P
er

ce
n

t

Study (Number of patients)

15

10

5

0
Landry et al. 1992

(N = 114)
[16]

Karetzky et al.
1995 (N = 360)

[33]

1.8 2.5
6.5

11

24

39

Yi et al. 2006
(N = 214)

[34]

Chang et al. 2009
(N = 222)

[14]

Kutsogiannis et al.
2011 (N = 239)

[35]

Efendijev et al.
2018 (N = 75)

[11]

Fig. 9.2 Six studies have reported the one-year survival rate after an intensive care unit cardiac arrest

9 Cardiac Arrest in the Intensive Care Unit



118

OHCA score, the Cardiac Arrest Hospital Prognosis (CAHP) score and the 
recently published Target Temperature Management (TTM) risk score [37–39]. 
All three scores are designed to predict outcomes in OHCA patients based on the 
data available at admission. Despite initially promising results, the predictive per-
formance of the OHCA score was not reproducible in later studies and the score 
showed only moderate predictive accuracy in ICU-CA patients [28, 40]. The 
CAHP and TTM risk scores have not been tested in the ICU-CA population. As 
numerous peri-arrest factors can influence mortality and neurological outcome, 
the clinical utility of outcome prediction scores based solely on admission data is 
questionable. None of the above mentioned specific cardiac arrest prediction 
scores has been validated for clinical use in out-of-hospital, in-hospital or in-ICU 
settings [39].

Several studies have evaluated the predictive performance of the more common 
ICU severity-of-illness scores, the Acute Physiology and Chronic Health Evaluation 
(APACHE) and the Simplified Acute Physiology Score (SAPS), in cardiac arrest 
populations. Due to the modest discriminative abilities, neither APACHE nor 
SAPS scores are recommended as clinical prediction tools for mortality and neu-
rological outcome in OHCA and IHCA patients [41–44]. The Sequential Organ 
Failure Assessment (SOFA) score and Multiple Organ Dysfunction Score (MODS) 
are both repetitive scores with day-by-day assessment of patient condition, and 
thus could be more suitable for outcome prediction. To the best of our knowledge, 
however, no study has evaluated SAPS, SOFA or MODS scores as predictors of 
outcome in ICU-CA patients. The study by Skrifvars et al. is so far the only study 
that has evaluated the APACHE III score in a cohort including ICU-CA patients, 
and the APACHE III had moderate predictive performance for poor outcome at 
hospital discharge [28].

9.7  Cost of ICU Cardiac Arrest

In addition to the increased suffering of the patient and the relatives, ICU-CA 
consumes financial resources whether the patient survives with a favorable neuro-
logical outcome or not. However, few data have been published on this subject. 
Wallace et al. analyzed 406 ICU-CAs in a cancer center between 1993 and 2000 
[23]. They found that only seven patients (2%) survived to hospital discharge, 
whereas 104 patients survived the first 24 h but died later during their hospitaliza-
tion. In today’s currency (2018 US dollars), the mean ICU costs (from the date of 
CPR to the date of death) for these patients that died a mean 4.3 days after the 
event were $64,000 [23]. Efendijev et al. evaluated the total one-year healthcare-
associated costs of 75 ICU-CA patients in a single center study between 2005 and 
2013 [11]. The mean cost per ICU-CA patient was $112,000 (2018 US dollars). 
Mean cost per hospital survivor was $171,000. Importantly, however, the mean 
cost for a one-year survivor with a good neurological outcome was $129,000, 
whereas the mean cost for a one-year survivor with substantial neurological dis-
ability was $519,000 [11].
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9.8  Prevention of ICU Cardiac Arrests

It is clear that many ICU-CA events are unavoidable. A severely ill patient who 
continues to deteriorate despite receiving maximum life-support will not benefit 
from resuscitation measures in case of further deterioration into cardiac arrest. 
Indeed, Myrianthefs et  al. described their ICU’s policy of refraining from CPR 
among ICU patients who are already on maximum vasopressor and inotropic sup-
port with underlying acute or chronic untreatable disease [32]. This policy appears 
reasonable, ethically sound and also comparable to that of the ideology of rapid 
response systems. One key element in the rapid response system is the appropriate 
implementation of treatment limitations in order to avoid futile resuscitation 
attempts [7, 8]. Currently there are no exact data on the percentage of ICU-CA cases 
where CPR should not have been conducted, although Wallace et al. state in their 
ICU-CA study that, “The application of CPR to cancer patients receiving life sup-
port is costly and typically does not lead to long-term survival” [23].

Certain ICU-CA events, however, could and should be actively prevented. A 
small prospective single center case-control study with 36 ICU-CA patients docu-
mented in detail the hemodynamic and respiratory variables preceding the arrests 
[18]. In that study, ICU-CA patients had higher median maximum and minimum 
respiratory rates, lower median mean arterial pressures, lower mean systolic blood 
pressures and lower mean bicarbonate levels in the 12 h prior to the arrests as com-
pared with the controls (worth noting: no statistical difference in vasopressor usage) 
[18]. Furthermore, in 25% of ICU-CA patients, their respiratory rate was higher 
than 34 breaths/min, heart rate higher than 130 beats/min, median arterial pressure 
less than 56 mmHg or systolic blood pressure less than 80 mmHg in the 12 h prior 
to the arrest. While these results from a small cohort should be interpreted with cau-
tion, in 2018 these are the only data we have describing in detail the pre-arrest 
physiological variables of ICU CA patients. We should also acknowledge that some 
ICU-CAs are probably iatrogenic, associated with, for example, certain interven-
tions, which underlines the possibility of preventable events. In the same study by 
Rozen et al. [18], 50% of the arrests were preceded by events such as airway manip-
ulation, administration of sedation in non-intubated patients, immediate complica-
tions of a procedure or delirium/bleeding. Compared with the control population, 
there was a non-statistical trend towards a higher incidence of these preceding 
events among the patients who subsequently had a cardiac arrest [18].

What can be done? First and foremost, more data are urgently needed on the 
factors preceding cardiac arrests on the ICU. Second, proactive and highly spe-
cific warning systems independent of human factors could help redirect treatment 
strategies and stop the deterioration over time. It is possible, that the first trends in 
patient deterioration are also missed in the ICU setting, when some vital signs are 
prioritized at the expense of the others. Rapid response systems, for example, are 
based on the early detection of patient deterioration by the ward staff [7, 8]. 
Several activation criteria, based on patients’ vital signs, have been implemented 
to enable the ward staff to react in time, but the more effective ones are not fixed 
on single parameters [45]. The early warning scores, such as the National Early 

9 Cardiac Arrest in the Intensive Care Unit



120

Warning Score (NEWS) in the United Kingdom, take into account all the vital 
signs and create a more comprehensible picture of the patient’s prevailing physi-
cal state: oxygenation, ventilation and tissue perfusion [45, 46]. While rapid 
response team activation criteria would be of limited value in the ICU setting, 
other automated systems that can evaluate patient condition as a physiologic 
entity in relation to the clinical context (with the subsequent calculation of the 
early warning score-like risk profile) could have potential benefits compared to 
today’s automatic monitor alarms. Indeed, Subbe et al. found that an electronic 
automated advisory vital signs monitoring and notification system reduced IHCAs 
and in-hospital deaths in a general ward setting [47]. Further, the severity of ill-
ness in patients admitted to the ICU was reduced as was their ICU mortality. 
Third, as mentioned earlier, some of the ICU-CAs might have an iatrogenic etiol-
ogy. Development of less invasive, less complex and safer procedures and tech-
niques and active implication of procedural check-lists and simulation training in 
high-risk procedures seem justified [48].

9.9  Future Research

We should look beyond the descriptive ICU-CA data. The whole concept of rapid 
response systems is based on the idea that some IHCAs on general wards may be 
prevented and some should be regarded as unavoidable deaths. This is likely the 
case in the ICU-CA sub-population also, although in ICUs, unobserved/unrecog-
nized patient deterioration appears less likely. We need substantially more data on 
the events preceding ICU-CAs in order to evaluate the incidence of those that are 
potentially preventable. A national multicenter study by a French study group will 
hopefully shed some light on these questions (ClinicalTrials.gov identifier: 
NCT03021564).

9.10  Conclusion

We have no up-to-date data on the incidence and outcome of cardiac arrests occur-
ring in the ICU. Indeed, almost all existing ICU-CA studies were conducted before 
2010. Approximately one in every hundred ICU patients has a cardiac arrest in the 
ICU. Short-term survival seems better than survival from IHCAs in general, but 
there are few data on long-term survival. Based on a few descriptive studies, we 
know some of the risk factors associated with ICU-CA (and factors associated with 
poorer survival after ICU-CA), but more data are urgently needed on possible pre-
disposing factors that are either iatrogenic or otherwise treatable. Twenty years ago, 
we began to implement rapid response systems in order to prevent IHCAs and 
improve the outcome of patients transferred to the ICU from general wards through 
timely ICU transfer. We suggest that it is time to discuss whether we could avoid 
some of the ICU-CAs as well, either through prevention or allowing death if maxi-
mal intensive care cannot change the course of the illness.
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10Targeted Temperature Management 
After Cardiac Arrest: Where Are We Now?

A. Ray, S. Paulich, and J. P. Nolan

10.1  Introduction

Targeted temperature management (TTM) is now recognized as a cornerstone of 
management to minimize neurological injury following return of spontaneous cir-
culation (ROSC) after out-of-hospital cardiac arrest (OHCA).

Although induced mild hypothermia has been used as a strategy to protect against 
cerebral hypoxic-ischemic injury secondary to cardiac arrest since the 1950s, this 
was largely reserved for open-heart surgery until the publication of two prospective 
randomized controlled trials (RCTs) in 2002 [1, 2]. These trials compared mild 
hypothermia to standard treatment following ROSC in comatose survivors of OHCA 
(the European study included a few in-hospital cardiac arrest [IHCA] patients) with 
an initial rhythm of ventricular fibrillation (VF). Both trials showed increased sur-
vival with favorable neurological outcomes in patients who were treated with mild 
hypothermia (32–34  °C) for 12–24 h compared with control patients not treated 
with mild hypothermia.

On the basis of the evidence provided by these two RCTs, as well as supporting 
animal data, the Advanced Life Support (ALS) Task Force of the International 
Liaison Committee on Resuscitation (ILCOR) made the following recommenda-
tions in October 2002 [3]:

• Unconscious adult patients with spontaneous circulation after OHCA should be 
cooled to 32–34 °C for 12–24 h when the initial rhythm is VF

• Such cooling may also be beneficial for other rhythms or in IHCA
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This initial statement was followed by a broader advisory statement in 2003 [3]. 
This statement outlined the discussions and opinions of the ALS Task Force and 
explored the limitations of the data from the RCTs, advising that further evidence 
was required to:

• Establish the role of TTM following IHCA.
• Determine the optimum duration of TTM, the optimum target temperature and 

optimum rates of cooling/rewarming.
• Determine the role for TTM in pediatric cardiac arrest.

10.2  The Targeted Temperature Management Trial and Its 
Impact on Clinical Practice

The TTM trial, which was published in 2013, enrolled 950 unconscious adult patients 
admitted to 36 intensive care units (ICUs) in Europe and Australia after OHCA [4]. 
Patients were randomized to be treated with TTM at a target temperature of either 
33 °C or 36 °C (a temperature of 36 °C rather than ‘normothermia’ was selected to 
ensure that no patients developed fever, which was widely accepted at the time to be 
harmful in the presence of brain injury). There was no difference in all-cause mortal-
ity through to the end of the trial (the primary outcome) between the groups (50% 
mortality in 33 °C group, 48% mortality in 36 °C group, hazard ratio with a tempera-
ture of 33 °C = 1.06, 95% confidence interval [CI] 0.89–1.28; p = 0.51). Neurological 
outcome was the same in both groups (52% of both groups were dead or had poor 
neurological function according to cerebral performance category (CPC) at 180 days; 
risk ratio 1.01, 95% CI 0.89–1.14, p = 0.87). The investigators concluded that a target 
temperature of 33 °C did not confer a benefit compared with 36 °C and the lead 
investigator has subsequently recommended 36 °C as the preferred target tempera-
ture for neurological protection following cardiac arrest [5].

Following the TTM trial, the ALS Task Force of ILCOR undertook a systematic 
review to address the question of whether mild hypothermia or TTM should be 
used, when this should be instituted and for how long it should be implemented [6]. 
The Task Force recommended:

• That adults with OHCA with an initial shockable rhythm be treated with TTM at 
a constant temperature between 32 and 36 °C for at least 24 h.

• Similar suggestions were made for OHCA with a non-shockable rhythm and for 
IHCA.

• That prehospital cooling with rapid infusion of large volumes of cold intravenous 
fluid should not be used.

10.3  Clinical Practice Before the TTM Study

Although international resuscitation guidelines recommended the use of TTM 
15 years ago [3], there is some evidence that implementation was initially relatively 
poor [7–9]. However, just before publication of the 2013 TTM trial there is evidence 
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that many ICUs had adopted TTM for the treatment of post-cardiac arrest patients, 
especially those with VF OHCA. A survey of ICUs in France undertaken between 
October 2010 and May 2011 documented that 99% of 119 ICUs used TTM after VF 
OHCA; however, the poor response rate of just 37% indicates likely bias among the 
respondents [10]. Respondents reported use of targeted temperatures of 33 °C (58% 
[49–67%]), 34 °C (23% [16–30%]) and 32 °C (8% [3–13%]).

A telephone survey of practice in UK ICUs undertaken between October 2013 
and March 2014 collected responses from 208 of the 235 units and is thus more 
reliably reflective of national practice before any impact of the TTM trial [11]. This 
telephone survey attempted to document practice in every UK ICU by asking the 
duty ICU consultant a set of standardized questions about the management of coma-
tose survivors of both IHCA and OHCA.  At the time of the survey, 189  units 
(90.9%) had a temperature control policy, 5.8% relied on individual consultant deci-
sions for target temperature and 3.4% had no policy in place. One unit reportedly 
targeted a temperature of <32 °C, with 76.9% of units targeting a temperature of 
33–34 °C, 7.7% units targeting 35 °C and 11.5% of units targeting 36–37 °C. The 
duration of TTM was most commonly 24 h (76.9%).

Although these data suggest that 77% of units were targeting a temperature 
of ≤34  °C, further studies have demonstrated that the actual temperatures 
recorded show less compliance with TTM than this survey would suggest. An 
analysis of the United Kingdom Intensive Care National Audit and Research 
Centre (UK ICNARC) database documented the proportion of patients achiev-
ing a temperature of ≤34 °C in the first 24 h of ICU admission. The proportion 
of patients with a temperature ≤34  °C increased each year with the highest 
proportion occurring in 2013; however, only 47% of all OHCA and IHCA 
patients achieved a lowest recorded temperature of ≤34 °C. Although it is pos-
sible that there were a disproportionate number of small units adhering to a 
strict TTM regime, it seems more likely that there was only moderate overall 
implementation of the international guidelines recommending TTM.  These 
findings are replicated in an analysis of the Australian and New Zealand 
Intensive Care Society (ANZICS) database, which documented a lowest tem-
perature of ≤34 °C among 57.1% of patients admitted after OHCA before pub-
lication of the TTM trial in December 2013 [12].

As further work is done to identify the optimum temperature for TTM following 
cardiac arrest, it is important to ensure that international guidelines are implemented 
in clinical practice. In many respects, this may have a more important role in 
improving overall outcomes than further studies aiming to identify optimum 
temperature.

10.4  Changes in Practice Since the TTM Study

Whilst a target temperature of 33 °C was widely adopted following the two RCTs in 
2002, the TTM trial posed significant questions about the optimal target tempera-
ture and has led to a split of opinion within the international community.

There have been several criticisms of the TTM trial including the possibility of 
selection bias, delays in initiation of cooling of up to 4 h, an average time of 8 h to 
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achieve target temperature following initiation of TTM, and poor temperature con-
trol with wide error bars [5, 13].

International guidelines now recommend a constant target temperature between 
32 and 36 °C (as opposed to no temperature management) but have moved away 
from specifying TTM at 32–34  °C [6, 14]. This has given individual ICUs the 
scope to adopt the TTM strategy of their choice and has led to several publications 
assessing the impact of a potential change in target temperature. A declarative sur-
vey using the webmail database of the French Intensive Care Society achieved 
responses from 518 individuals, including 264 ICUs in 11 countries [15]. Among 
respondents, 37% stated that they had changed their target temperature for TTM, 
with 23% moving to 35–36 °C and 14% targeting 36 °C. A telephone survey of 268 
European ICUs spanning 14 countries documented that 68% of ICUs were con-
tinuing to provide TTM at 32–34 °C but 33% had revised their target temperature 
to 36 °C [16].

Whilst both of these studies are suggestive of a partial change in behavior, the 
2010 European Resuscitation Council (ERC) guidelines [17] were still in effect at 
the time they were conducted and there is a strong possibility that more units will 
have changed their target temperature since this study was published. It is not clear 
whether some units may have abandoned TTM altogether in order to aim for normo-
thermia. The 2016 French survey suggests that a small proportion (6%) of respond-
ers did not specifically undertake TTM [15]. The question of mild induced 
hypothermia vs. fever control only is being addressed by the TTM-2 trial (see later; 
ClinicalTrials.gov identifier: NCT02908308) [4, 18].

Findings from a survey of large teaching and university hospitals in 14 European 
countries [16] appear to mirror the conclusions drawn from other papers including 
the review of data from the UK ICNARC and the ANZICS databases [12, 19]. The 
UK ICNARC study analyzed patient characteristics and outcomes for all patients 
admitted to the ICU after cardiac arrest and clearly demonstrated increasing compli-
ance with TTM for both OHCA and IHCA between 2004 and 2013 (use of TTM 
was identified from the available data as a lowest temperature of ≤34 °C within the 
first 24 h of ICU admission) [19]. The proportion of patients receiving TTM after 
OHCA increased from 13.1% in 2004 to 60.2% in 2013 and from 8.6% to 35.3% 
after IHCA. However, the proportion with lowest temperature ≤34 °C in the first 
24 h decreased significantly in 2014 from 60.2 to 38.9% after OHCA and from 35.3 
to 22.8% after IHCA. This appears to suggest that a significant number of UK ICUs 
have changed their target temperature for TTM or have abandoned TTM altogether 
following publication of the TTM trial (Fig. 10.1).

These findings are consistent with those reported from Australia and New 
Zealand [12]. Characteristics and outcome for patients admitted to an adult ICU for 
active treatment following OHCA were compared in two 3-year periods: before and 
after the TTM trial (4450 patients from January 2011 to December 2013 compared 
with 5184 patients from January 2014 to December 2016). The primary outcome 
was the lowest recorded temperature in the first 24 h of ICU admission. They dem-
onstrated that the mean (±SD) pre-TTM trial temperature was 33.8 °C (±1.71 °C) 
compared with 34.7  °C (±1.39  °C) after the TTM trial. Data from an extended 
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period demonstrated a trend of decreasing lowest temperature in the first 24 h from 
2005 to 2013 (in keeping with the results of the UK ICNARC study) (Fig. 10.2).

Given that the above studies all demonstrate indirect evidence of some ICUs 
revising their target temperature in response to the TTM trial, it is important to 
understand the impact of these changes on outcome among these post-cardiac arrest 
patients.

The impact of a change in target temperature was assessed for 76 patients admit-
ted to an ICU in Melbourne, Australia after VF OHCA [20]. Despite the relatively 
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small cohort, these investigators showed that increasing the target temperature from 
33 to 36 °C was associated with reduced compliance with the target temperature 
(87% vs. 50%, p < 0.001) and increased incidence of fever (0% vs. 19%, p = 0.03). 
The mortality rate was numerically higher (29% vs. 42%, p = 0.31) and neurologi-
cal outcome numerically poorer (CPC 1–2 71% vs. 56%, p = 0.22) but neither of 
these differences were statistically significant.

More recently, the secondary outcomes derived from the analysis of the ANZICS 
database have given more detailed information about clinical outcomes after publi-
cation of the TTM trial [12]. The increase in the lowest recorded temperature in the 
first 24 h was associated with an increased risk of fever in the post-TTM group (16.5 
vs. 12.8%, OR 1.35, 99% CI 1.16–1.57; p < 0.001), which is consistent with the 
findings of the Melbourne group [20]. In the ANZICS study, pre-TTM mortality 
was 52.4% compared with post-TTM mortality of 53.4% (OR 1.04, 99% CI 0.94–
1.16, p = 0.31). Although these mortality rates are not significantly different, a seg-
mented regression analysis of the extended data (2005–2016) demonstrated a 1.3 
percentage point annual reduction in mortality after OHCA from 2005 to 2013 
(99% CI −1.8 to −0.9), followed by a 0.6 percentage point annual increase in mor-
tality from 2014 to 2016 (99% CI −1.4 to 2.6) (Fig. 10.3) [12]. Furthermore, when 
adjusted for Australia and New Zealand Risk of Death (ANZROD) model variables, 
the post-TTM trial period was associated with a statistically significant increase in 
mortality (adjusted OR 1.27, 99% CI 1.13–1.43; p < 0.001). However, when all 
temperature-associated variables of ANZROD are removed, this association does 
not reach statistical significance (adjusted OR 1.06, 99% CI 0.95–1.19, p = 0.18). 
Nonetheless, the ANZICS data show a worrying reversal of the trend for improving 
survival following OHCA.
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10.5  Pre-hospital TTM

Although international guidelines strongly support the use of TTM following 
OHCA, when to initiate cooling remains uncertain. Animal data suggest that cool-
ing is more effective the earlier it is started [21] and laboratory and preliminary 
clinical studies have suggested that therapeutic hypothermia may be most effective 
when started during cardiopulmonary resuscitation (CPR) rather than delayed until 
after ROSC [22, 23]. However, recent RCTs do not support this [24, 25].

In the Rapid Infusion of Cold Normal Saline (RINSE) trial, 1202 patients in 
three Australian cities were randomized to either initiation of cooling before ROSC 
or standard care with initiation of cooling in hospital after ROSC [25]. All patients 
received initial resuscitation treatment, including defibrillation for shockable 
rhythms, intravenous cannulation, administration of an initial dose of epinephrine 
and ventilation with 100% oxygen. If cardiac arrest persisted, patients were ran-
domized to receive 30 mL/kg of cold (3 °C) saline or standard treatment—i.e., no 
pre-hospital cold saline. There was no significant difference in the primary outcome 
of survival to hospital discharge (10.2% vs. 11.4%; p = 0.51). Of concern, if the 
initial presentation was a shockable rhythm, there were significantly fewer patients 
achieving ROSC in the cold saline group, (41% vs. 50%; p = 0.031). There was also 
an increase in the number of patients developing pulmonary edema in the group 
receiving cold saline intra-arrest (10% vs. 4.5%; p < 0.001).

The RINSE trial was designed to detect an absolute increase in survival of 7% 
with a power of 80% and required 2512 patients. Unfortunately, the trial was stopped 
early after reaching only 48% of the recruitment target. This was because of changes 
in TTM strategy by the receiving hospitals—from a target of 33 to 36 °C following 
the publication of the TTM trial [4]. Given the results at the time the trial was 
stopped, it seems highly unlikely that the infusion of cold saline intra-arrest would 
have resulted in a statistically significant increase in the primary outcome even if all 
2512 patients had been recruited. There is some evidence that infusion of fluid per 
se during cardiac arrest may be harmful because of the high right heart pressures 
generated [26]. The RINSE trial data do not exclude the possibility that other tech-
niques for intra-arrest cooling may be beneficial.

A recent meta-analysis of pre-hospital TTM vs. no pre-hospital TTM included 10 
RCTs with a total of 4220 patients from 2002 to 2017 (including the RINSE trial) [27]. 
The majority of the RCTs used cold fluids; however, surface cooling and transnasal 
evaporative cooling were also used. There were no significant differences between the 
two groups for the primary outcome of neurological recovery (risk ratio [RR] 1.04; 
95% CI 0.93–1.15) or the secondary outcome of survival to hospital discharge (RR 
1.01; 95% CI 0.92–1.11). However, there was an increased risk of re-arrest in the thera-
peutic hypothermia group (RR 1.19; 95% CI 1.00–1.41).

Currently, there are few data to support the use of pre-hospital cooling. Some 
evidence indicates that pre-hospital cooling may reduce the chance of successful 
defibrillation or even increase the likelihood of re-arrest. Most patients present rela-
tively hypothermic (<36.0 °C), so one option might be to institute TTM with a target 
of 36 °C and let these patients reach this temperature passively.
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10.6  TTM After In-hospital Cardiac Arrest

There are several major differences between IHCA and OHCA. First, 80% of IHCA 
patients have an initial monitored rhythm of pulseless electrical activity (PEA) or 
asystole, for which there are no RCTs for TTM (although there is an ongoing trial 
among patients with non-shockable rhythm OHCA—NSE-HYPERION study, 
ClinicalTrials.gov identifier: NCT02722473) [28]. Second, after IHCA there is typi-
cally a much shorter interval to commencing CPR and other key interventions such 
as defibrillation and epinephrine; this might minimize the potential for TTM to 
reduce hypoxemic-ischemic brain injury. There are currently no RCTs examining 
the effectiveness of TTM after IHCA.

A retrospective propensity matched analysis of the US Get-With-The-Guidelines-
Resuscitation (GWTG-R) registry compared outcomes among patients treated with 
TTM vs. those not treated with TTM during 2002 and 2014 (n = 26,183) [29]. After 
adjustment, TTM was associated with reduced survival to hospital discharge (27.4% 
vs. 29.2%; RR 0.88 (95% CI 0.80–0.97); risk difference (RD) −3.6% (95% CI 
−6.3% to −0.9%); p  =  0.01) and lower rates of favorable neurological survival 
(17.0% vs. 20.5%; RR 0.79 (95% CI 0.69–0.90); RD −4.4% (95% CI −6.8% to 
−2.0%); p < 0.001). Although the authors used robust statistical methods to try to 
eliminate bias, that only 6% of the 26,183 patients underwent TTM implies a con-
siderable selection bias, i.e., it is likely that only those patients at highest risk of 
cerebral injury were treated with TTM whereas those patients with uncomplicated 
short arrest times may have been selected as not requiring TTM. Although propen-
sity matching would address some of these issues, it is very possible that there were 
residual confounders that were not accounted for. It will probably require an RCT 
to answer with high certainty whether TTM is beneficial for comatose patients after 
IHCA [13].

10.7  Duration of TTM

The current ILCOR recommendations are that when TTM is used, a constant tem-
perature in the range 32–36 °C is maintained for at least 24 h [6]. However, the 
optimal duration is still under debate. Most centers cool patients for 24 h [16]; in 
contrast, neonates with anoxic asphyxia are normally cooled for 72 h [30].

In a recent RCT, TTM at 33 °C for 24 h was compared with 33 °C for 48 h 
among 355 patients in 10 European ICUs during 2013 and 2016 [31]. The pri-
mary outcome—favorable neurologic outcome at 6 months—was available for 
351 patients: 69% (95% CI 62–75%) in the 48-h group vs. 64% (95% CI 
56–71%) in the 24-h group (absolute difference 4.9%; 95% CI −5% to 14.8%; 
RR 1.08; 95% CI 0.93–1.25; p = 0.33). Patients who received TTM for 48 h had 
a higher incidence of adverse events (97% vs. 91%, p = 0.04) and a longer ICU 
length of stay.

This study was powered to be able to detect an absolute difference between 
groups of 15%. Many would deem this to be an optimistic treatment effect—very 
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few interventions in modern intensive care show such a large effect. Detection of an 
absolute difference of 5% between groups would have required enrolment of 3000 
patients. Outcomes were better than expected in both groups: a good neurological 
outcome had been predicted in 50% of the patients in the 24-h TTM group instead 
of the 64% that was ultimately documented. This may be explained by the exclusion 
of unwitnessed non-shockable rhythms, higher rates of bystander CPR, greater use 
of pre-hospital automated external defibrillators (AEDs), and a higher proportion of 
patients receiving immediate coronary angiographic intervention in comparison 
with previous studies. A helpful summary in an accompanying editorial concluded 
that this trial excluded the possibility that TTM for 48 h results in outcomes that are 
15% better or 5% worse than TTM for 24 h [32].

10.8  TTM After Cardiac Arrest in Children

Two RCTs of TTM have been completed in children. These Therapeutic 
Hypothermia after Pediatric Cardiac Arrest (THAPCA) trials have been com-
pleted in the out-of-hospital setting (THAPCA-OH) and in the in-hospital setting 
(THAPCA-IH) [33]. The THAPCA trials recruited from almost 40 hospitals in the 
United States, Canada and the United Kingdom. Children between the ages of 
2 days and 18 years old were randomized to either 48 h of TTM at 33 °C (32–
34 °C) or normothermia at 36.8 °C (36–37.5 °C). After 48 h, patients underwent 
a further 3 days of TTM to maintain normothermia, i.e., fever prevention. In both 
studies, the primary outcome was survival at 12 months after cardiac arrest with a 
Vineland Adaptive Behavior Scales second edition (VABS-II) score of 70 or 
higher (on a scale from 20 to 160); those with a VABS-II score <70 before cardiac 
arrest were excluded.

The OHCA trial had 85% power to detect an absolute treatment effect of 20%. 
Among the 260 patients with data that could be evaluated, there was no significant 
difference in the primary outcome between the hypothermia group and the normo-
thermia group (20% vs. 12%; relative likelihood, 1.54; 95% CI 0.86–2.76; p = 0.14). 
Although this 8% difference in the primary outcome was not statistically signifi-
cant, many would argue that this trial was underpowered and that such a difference 
would be considered clinically significant.

The IHCA trial was powered to 90% to detect an absolute difference of 15%—
requiring 558 patients. However, the trial was stopped early, after recruitment of 
329 patients, on the grounds of futility. At this point, there was no difference in good 
neurological outcomes at 12 months (36% in the hypothermic group and 39% in the 
normothermic group), nor in survival at 12 months (49% in the hypothermic group 
and 46% in the normothermic group).

These trials differ significantly from the early trials, which showed benefit 
for TTM in adults [1, 2]. These early trials compared hypothermia against no 
fever prevention—the patients in the control arms developed fever. The effect of 
hypothermia compared with fever prevention may be much smaller and there-
fore not shown in the THAPCA trials. Larger trials are required to see if 
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therapeutic hypothermia is superior or equivalent to therapeutic normothermia 
in children but these would be extremely challenging to deliver.

10.9  Ongoing Studies

There are several domains within the topic of TTM for which the evidence is 
unclear. One of the most important of these knowledge gaps remains the optimal 
target temperature and whether this should involve some degree of hypothermia 
or strict normothermia. Two large RCTs are currently underway which will hope-
fully shed more light on this issue. The targeted hypothermia vs. targeted normo-
thermia after OHCA (TTM-2) trial began recruiting in 2018 and is due to be 
completed at the end of 2021. It is a multinational RCT aiming to recruit 1900 
OHCA patients and is the follow up to the TTM trial that did not demonstrate any 
difference in survival between target temperatures of 33 and 36 °C. Patients are 
randomized to either TTM of 33 °C for up to 28 h, with rewarming over 12 h or 
standard care to avoid a temperature greater than or equal to 37.8 °C using conser-
vative measures (fever control). If a single temperature of 37.8 °C or greater is 
measured, active temperature control is initiated to maintain a target temperature 
of 37.5  °C until 40  h after randomization. The primary outcome is 180-day 
survival.

The HYPERION (therapeutic hypothermia after non-shockable cardiac arrest) 
trial is a French multicenter RCT that is currently recruiting [28]. It is comparing 
therapeutic hypothermia (33 °C) with therapeutic normothermia (37 °C) for 24 h, 
followed by a further 24 h of therapeutic normothermia in both groups. The trial 
includes IHCA and OHCA patients with non-shockable rhythms. The primary out-
come is good neurological outcome at 90 days and the study is powered to detect an 
absolute difference of 9% between groups.

10.10  Conclusion

We are now 16 years on from the landmark RCTs showing improved neurological 
outcome with mild induced hypothermia after OHCA [1, 2]. Whilst overall survival 
from OHCA has improved significantly since then, many of the same questions 
remain from those posed by the 2003 advisory statement published by the ALS task 
force [3].

Although the TTM trial provides evidence that there is no difference in mortality 
or neurological outcome between target temperatures of 33 and 36 °C, the recent 
analysis of the ANZICS database suggests that use of higher target temperatures 
results in increased fever and a trend towards increasing mortality [12]. This may be 
a cause for concern given the evidence that following the TTM trial many units have 
changed their practice to aim for a target temperature of 36 °C [16]. Whilst the out-
comes of the TTM-2 trial are awaited, it seems prudent to at least avoid fever and 
ensure tight control of target temperature.
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11Left Diastolic Function in Critically Ill 
Mechanically Ventilated Patients

P. Formenti, M. Brioni, and D. Chiumello

11.1  Introduction

Left ventricular (LV) diastolic dysfunction is a clinical entity that remains 
poorly understood and identified in the intensive care unit (ICU) setting. In gen-
eral, it is a syndrome defined by the presence of symptoms of congestive heart 
failure without sign of reduced LV systolic dysfunction [1]. Distinguishing dia-
stolic heart failure from systolic heart failure is important because of differences 
in treatment and prognosis, even if the two entities often coexist, and some 
authors have proposed the hypothesis that diastolic LV dysfunction is essen-
tially a precursor of systolic failure [2]. Diastolic dysfunction has multiple 
causes and is associated with multiple disorders, including impaired relaxation 
(common in ischemia and during systemic inflammatory states), impaired peak 
LV filling (with inadequate transmitral pressure gradient due to raised LV pres-
sure or inability to generate negative LV pressure), stiffness of the left ventricle 
(fibrosis and hypertrophy), and constriction (pericardial or compression from 
dilated right ventricle). Diastolic LV dysfunction is common in the ICU but 
often unrecognized. Identification and determination of its severity may be 
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useful to optimize circulatory support in critically ill patients. From this point 
of view, echocardiography is one of the most powerful diagnostic and monitor-
ing tools available to the modern intensivist, providing the means to diagnose 
cardiac systolic or diastolic dysfunction, its underlying cause, and to suggest 
therapeutic interventions [3].

The principal aim of this chapter is to summarize the current evidence regarding 
the assessment of LV diastolic dysfunction in the ICU and its impact among criti-
cally ill mechanically ventilated patients. A comprehensive bibliographic search 
strategy was developed assessing the following databases: PubMed, CINAHL, 
Cochrane Library, Scopus, Web of Science, from inception to the cut-off date of 
July 2018. The following key-words were used, alone or combined with appropriate 
boolean operators, to search the different databases: ‘left diastolic dysfunction’, 
‘intensive care unit’, ‘mechanical ventilation’, ‘critical care’, ‘critically ill patients’, 
‘critical illness’.

11.2  Definitions and Pathophysiology

Diastolic heart failure is defined as a condition caused by increased resistance to 
the filling of one or both ventricles; this leads to symptoms of congestion from the 
inappropriate upward shift of the diastolic pressure-volume relation [4]. Although 
this definition describes the principal pathophysiologic mechanism of diastolic 
heart failure, it is not clinically applicable. In a more practical definition, diastolic 
heart failure is a condition that includes classic congestive heart failure findings 
with normal systolic function at rest, but with alteration in diastolic function [5]. 
Conventionally, diastole can be divided into four phases: iso-volumetric relax-
ation, from closure of the aortic valve to mitral valve opening; early rapid ven-
tricular filling, immediately after mitral valve opening; diastasis, a period of low 
flow during mid-diastole; and late rapid filling, during atrial contraction [6]. 
During the period in which the heart returns to its relaxed state, the cardiac muscle 
is perfused. With diastolic dysfunction, the heart is able to supply the body’s 
metabolic requests at rest, but with a higher filling pressure [7]. The transmission 
of this higher end-diastolic pressure to the pulmonary circulation may cause pul-
monary congestion, which leads to dyspnea. In severe cases, the ventricle becomes 
so stiff that the atrial muscle fails and end-diastolic volume cannot be normalized 
with elevated filling pressure, with a subsequent reduction in cardiac output [1] 
(Fig. 11.1). Thus, during diastolic dysfunction the combination of active relax-
ation and passive myocardial compliance that normally maintain an adequate car-
diac output are altered and left atrial pressure should be increased to maintain a 
satisfactory cardiac output.

Different parameters have been used over the past two decades to describe dia-
stolic dysfunction, so it is difficult to define its real incidence in critically ill patients. 
It seems to occur in about 30% of cases [8], and the majority of studies tend to relate 
it with concomitant syndromes, such as sepsis, or clinical conditions, such as respi-
ratory weaning failure.
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11.3  Echocardiographic Diagnosis

Heart failure can present as dyspnea, orthopnea, jugular venous distention, tachycar-
dia, third or fourth heart sounds, hepatomegaly, and edema. Cardiomegaly and pul-
monary venous congestion are commonly found on chest radiography. However, 
these findings frequently also occur in non-cardiac conditions, such as pulmonary 
disease, anemia, hypothyroidism, and obesity. Furthermore, it is difficult to distin-
guish diastolic from systolic heart failure based on physical findings alone. Moreover, 
in critically ill patients, signs and symptoms of heart failure are non-specific, and 
differ because the severity of pathologies (such as sepsis, hypoxia and acidosis), 
changes in intravascular status (from intravenous fluid therapy, capillary leak syn-
drome, renal replacement therapies) and the large variety of treatments (such as seda-
tives, vasopressors, inotropes and positive pressure ventilation) result in constant 
fluctuations in the loading conditions of the heart, affecting most of the qualitative 
and quantitative methods for the measurement of LV filling pressures. Therefore, the 
study of cardiac function, invasively or non-invasively, is crucial for appropriate 
treatment of patients. Determination of atrial and ventricular pressures and volumes 
with cardiac catheterization remains the gold standard method to study diastolic 
function. However, this invasive method is not applicable as a routine screening tool 
[9]. Echocardiography is an alternative non-invasive method to assess cardiac func-
tion, which in recent years has become familiar also to intensivists, and its use in the 
study of diastolic dysfunction is well established in the literature.

Pressure overload
Hypertrophy
Myocardial infarction

Abnormal relaxation
and increased stiffness

Elevated left ventricular
filling pressures

Elevated pulmonary
pressure during exercise

Elevated left atrial
pressure and size

Abnormal early filling

Diastolic heart failure Diastolic dysfunction

Atrial fibrillation and
decreased cardiac output

Fig. 11.1 Pathophysiology of diastolic (dys)function. The figure depicts the main pathophysio-
logical patterns that contribute to diastolic dysfunction
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11.3.1  Basic Concept

Two-dimensional (2D) echocardiography with Doppler imaging provides informa-
tion on chamber size, wall thickness and motion, systolic function, valvular func-
tion and pericardial status; moreover, it can be used to evaluate the characteristics of 
diastolic transmitral and pulmonary venous flow patterns [10]. Among the different 
parameters that may be measured with 2D-echocardiography, the most important 
are the volume of the left atrium, which, if elevated (>34 mL/m2) may support the 
presence of elevated LV filling pressures, and the LV ejection fraction and LV wall 
motion abnormalities, which evaluate systolic function [11] (Fig. 11.2).

Another important modality that should be used is Doppler imaging, in particular 
the pulsed wave Doppler (cm/s), which measures the velocity of blood flow in a 
specific region. Pulsed wave Doppler can be applied—only with sinus rhythm—to 
study transmitral blood flow patterns (Fig. 11.3). With this modality, in the time/
velocity diagram, we can identify two waves: the first (E wave) corresponds to the 
early diastolic passive filling of the left ventricle, while the second (A wave) corre-
sponds to the atrial contraction. The ratio between the two values can be used for the 
diagnosis of diastolic dysfunction, as isolated parameters are inaccurate because 
they depend also on volume status. Normally, the E/A ratio is 1.5 [12].

Recently, an adjunctive modality of Doppler imaging able to detect low veloci-
ties has been introduced, so called tissue Doppler imaging (TDI). This modality can 
be used in the apical 4 chamber view to study the movements of the mitral annular 
plane during the cardiac cycle, at both septal and lateral insertion sites of the mitral 
leaflets [13]. Normally, TDI enables the systolic (S), the early diastolic (e′) and the 
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Fig. 11.2 Echocardiographic evaluation of diastolic function. The figure summarizes the different 
variables that can be measured by echocardiography in the evaluation of diastolic function. LV left 
ventricular, RV right ventricular
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late diastolic peak velocities (a′) to be assessed (Fig. 11.4). The e′ wave peak veloc-
ity has been validated as a relatively preload- and afterload-independent measure of 
LV relaxation, especially when it is measured at the lateral annulus [14]. However, 
it is not completely load independent and is affected by many ICU therapies. Normal 
minimum relaxation values are 8 cm/s at the septal mitral annulus and 10 cm/s at the 
lateral mitral annulus, or 9 cm/s for average e′ velocity [15]. Values below these 
thresholds suggest diastolic dysfunction in outpatients; however, the normal mini-
mum values in critically ill patients is yet to be determined [16].

Doppler
inflow
velocity

AVC AT DT

E A

Fig. 11.3 Transmitral pulsed wave Doppler. The figure shows a schematic representation of left 
ventricular diastolic filling velocity with transmitral Doppler ultrasound. AVC acceleration velocity 
time, AT acceleration time, DT deceleration time, E diastolic filling maximal velocity, A teledia-
stolic maximal filling velocity
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Fig. 11.4 Echocardiographic assessment of left ventricular diastolic function with tissue Doppler imaging 
(TDI). Upper panel: apical four-chamber view, circle shows position where tissue Doppler must be placed 
to measure the velocity of change in myocardial length. Lower panel: tissue Doppler measurement at the 
lateral insertion site of the mitral leaflets shows the diastolic e′ and a′ waves and systolic s′ wave
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Finally, as impaired LV diastolic function is transmitted to the right chambers 
through an increase in pulmonary venous and arterial pressure, the tricuspid regur-
gitation should be investigated [17]. In particular, a tricuspid regurgitation peak 
velocity greater than 2.8 m/s is associated with diastolic dysfunction and elevated 
left atrial pressure.

11.3.2  Left Diastolic Dysfunction

The reported incidence of left diastolic dysfunction ranges between 1.4 and 
59.4%, depending on the definition criteria adopted [13]. The new American 
Society of Echocardiography/European Association of Cardiovascular Imaging 
(ASE/EACVI) guidelines [14] recommend to take into account several specific 
measures when determining whether LV diastolic function is normal or abnormal 
in the absence of myocardial disease. Among these, the most important are the 
mitral annular e′ velocity (septal e′ < 8 cm/s, lateral e′ < 10 cm/s), E/e′ ratio (aver-
age >14, septal >15, lateral >13), the left atrial volume index (>34 mL/m2), and 
the peak velocity of tricuspid regurgitation (>2.8 m/s). Nevertheless, some echo-
graphic parameters are difficult or impossible to measure in the presence of 
arrhythmias (such as tachycardia or atrial fibrillation), which are common in the 
critically ill, and left atrial volume and tricuspid regurgitation are influenced by 
positive pressure ventilation. For these reasons, Lanspa et  al. [18] proposed a 
simplified definition of left diastolic dysfunction, which is easier to use in the ICU 
setting where cardiac ultrasound is often performed by intensivists. The simplified 
definition is based on septal e′, which is considered to be an index of myocardial 
relaxation, and the ratio of early diastolic velocity of mitral inflow to mitral annu-
lar velocity (E/e′), which has a strong association with left atrial pressure 
(Fig. 11.5). Previous studies have shown that e′ is significantly lower, and E/e′ 
significantly higher, in non-survivors of septic shock [19, 20].

11.4  Left Diastolic Dysfunction in the ICU

Most of the available literature has investigated left diastolic dysfunction in septic 
patients, and although in the majority of these studies the patients were receiving 
mechanical ventilation, little information is available about the role of mechanical 
ventilation or the acute phase of lung injury (Table 11.1).

A few pioneering papers investigated diastolic dysfunction using ancestral echo-
cardiography. Among these, Parker et al. [35] reported combined hemodynamic and 
radionuclide cine-angiographic findings in 20 patients with septic shock. Survivors 
demonstrated initially high mean LV volumes that recovered to normal values 
within one week, while non-survivors had normal mean LV volumes that were unal-
tered with time. Similar observations were reported in a subsequent study in which 
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the main purpose was to investigate right heart function [36]. The authors suggested 
how the combination of peripheral vascular resistance and direct depression of the 
myocardium may act together in depressing ejection fraction, with an increase in 
mortality due to the inability of ventricular dilation (increased preload). A few years 
later, Jafri et al. [21] reported that Doppler parameters of LV filling were abnormal 
in a cohort of septic patients. In this cohort, patients demonstrated an increased peak 
atrial velocity, a decreased E/A ratio, an increased atrial filling fraction, and a pro-
longation of atrial filling period as a function of the diastolic filling period, presum-
ably because of delayed relaxation and decreased LV end-diastolic compliance. No 
information about mechanical ventilation settings or evolution of diastolic dysfunc-
tion is available. Munt et al. [22] used pulsed wave Doppler to measure peak filling 
rate normalized to mitral stroke volume in 24 septic patients and again showed an 
abnormality of LV relaxation in non-survivors. Furthermore, no account was made 
for the potential impact of mechanical ventilation on diastolic filling.

The advent of TDI has simplified echocardiographic estimation of ventricular 
relaxation and ventricular filling pressures and the increasing number of studies in 
the field has shown that diastolic dysfunction is common in critically ill patients. 
The significance of diastolic dysfunction was recently highlighted by studies that 
demonstrated that TDI parameters might be of prognostic use in the ICU popula-
tion. More recent observations may help to clarify the scenario in these regard. An 
alteration in the E/e′ ratio has been described in patients with septic shock and, 
although one study found that the E/e′ ratio was an independent predictor of mortal-
ity [20], another investigation failed to find this association [23]. In a single center 
prospective cohort study, 53 patients were investigated by TDI each day after admis-
sion to the ICU with septic shock with the aim of assessing the prevalence of 

E/e’ ≥ 13
Grade III

8 < E/e’ < 13
Grade II

E/e’ £ 8
Grade I

Septal e’ < 8

Fig. 11.5 A simplified 
definition of diastolic 
dysfunction. Septal e′: early 
diastolic peak velocity of 
septal mitral annulus; E/e′: 
transmitral flow early peak 
velocity to e′ ratio
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myocardial dysfunction (which was 84%) and also of evaluating the impact of LV 
diastolic dysfunction on ICU mortality [24]. The E/e′ ratio was the only echocardio-
graphic parameter independently associated with death, even after adjusting for age 
and disease severity.

Fluids are one of the most important therapies to improve hemodynamic status; 
however in patients with diastolic dysfunction and non-compliant left ventricles, 
positive fluid balance may aggravate lung congestion and non-cardiogenic pulmo-
nary edema leading to pulmonary hypertension and hypoxemia. Mahjoub et al. [27] 
reported a significant increase in E/e′ after volume expansion in patients with sep-
sis-induced diastolic dysfunction and non-responders to fluid challenge, which 
translates to an increase in LV filling pressures. These observations do not mean that 
fluid therapy should not be administered in diastolic dysfunction, but special care 
must be taken in this clinical scenario.

11.5  Left Diastolic Dysfunction in Mechanically Ventilated 
and ARDS Patients

It is well known that mechanical ventilation can induce hemodynamic compromise and 
that myocardial dysfunction and its consequences are not properly reflected by conven-
tional hemodynamic parameters. Myocardial function can be assessed at the bedside 
using transthoracic echocardiography (TTE); however, the 2D-echocardiographic mea-
surements have been used to investigate predominantly the effects on systolic rather 
than diastolic ventricular function. Recently, TDI has provided more load-independent 
parameters to assess cardiac function, but its use is not widespread in the ICU. For 
these reasons and probably because diastolic dysfunction is greatly underestimated by 
intensivists, there are few paper focused on mechanical ventilation and diastolic dys-
function, most of them during weaning period, and almost none during the acute phase. 
What we know is that positive pressure ventilation can affect preload, afterload and 
ventricular compliance. The net effect in most situations is a decrease in cardiac output. 
However, the effect may be beneficial in the context of decompensated heart failure, 
where the decreased preload and afterload result in a return to a more productive part of 
the Starling curve. All LV and right ventricular (RV) systolic and diastolic parameters 
acquired through either traditional or newer techniques showed a decreased function 
after more than 24 h of mechanical ventilation. In fact, the induced inflammation not 
only damages the lung, but causes extrapulmonary organ dysfunction that depresses 
myocardial function in a way somewhat analogous to sepsis [37]. Unfortunately, no 
study has focused mainly on LV diastolic dysfunction during the acute phase of respi-
ratory failure, as acute respiratory distress syndrome (ARDS) is a reasonably well-
characterized cause of acute cor pulmonale, with evidence of microvascular disruption 
in the pulmonary circulation, high intrathoracic pressure gradients, and endothelial cell 
edema. For example, in a retrospective study that investigated right and left heart fail-
ure in severe H1N1 influenza, a normal pattern of mitral inflow was documented in 
17% of patients, with a mean early velocity of 9.5 cm/s and a median E/e′ ratio of 9.2 
[38]. Regrettably, no comments were made about these observations.

11 Left Diastolic Function in Critically Ill Mechanically Ventilated Patients
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Moreover, diastolic dysfunction is known to be present in patients with pro-
longed weaning time. In this scenario, isolated diastolic dysfunction is present 
in about 22–39% of patients [28]. The increase in preload and afterload dur-
ing mechanical ventilation may impair LV compliance and lead to pulmonary 
edema. The fall in LV pressure during the relaxation phase is a key determi-
nant of diastolic function, and depends on intrinsic (contractility, LV stiffness) 
and extrinsic (preload, afterload) factors. During a spontaneous breathing trial 
(SBT), the elevation in pulmonary pressure is related to the increase in venous 
return secondary to the shift from positive to negative intrathoracic pressure, 
to the reduction in LV compliance, and to the increase in LV afterload. Thus, 
one may suppose that systolic impairment may play a key role; however, Lamia 
et al. [29] showed that in a selected population of patients with chronic obstruc-
tive pulmonary disease (COPD), systolic function was unchanged in those who 
experienced “weaning-induced” pulmonary edema, whereas parameters related 
to diastolic dysfunction, as E/A and E/e′, predicted an increase in the pulmonary 
artery occlusion pressure (PAOP) during an SBT. Similar findings were obtained 
in other studies in which, in patients who failed the weaning process due to 
cardiogenic edema, the E/A and E/e′ were significantly increased during SBT, 
pointing out once again the key role of diastolic dysfunction in weaning failure 
[30, 31]. Therefore, it has been suggested that pre-existing diastolic dysfunc-
tion may be a predictive independent factor of weaning failure. This was first 
shown by a study of Papanikolaou et al., in which the E/e′ measured before SBT 
had high accuracy to predict weaning failure [32]. Later, Moschietto et al. [33] 
showed that patients who failed the weaning process had a lower e′ and slightly 
higher E/e′ before SBT, probably because the increased venous return increased 
LV filling pressures. This study also showed how systolic function assessed by 
the LV ejection fraction was not associated with weaning outcome as already 
demonstrated by previous studies [39]. Konomi et al. [34] showed similar results 
regarding the presence of diastolic dysfunction as an independent factor associ-
ated with weaning failure, and showed how the grade of diastolic dysfunction 
was significantly correlated with B-type natriuretic peptide (BNP) levels, which 
were lower in patients who successfully weaned compared to those who did not. 
Unfortunately, a recently published meta-analysis failed to identify a cut-off 
value for E/e′ to predict the weaning outcome [40]. Finally, it has been suggested 
that impaired LV relaxation with increased filling pressures may be a key mecha-
nism of failed prolonged weaning trials [28]. To summarize all this evidence, we 
could state that the elimination of positive ventilation increases LV preload and 
afterload and may induce some physiologic changes that can determine tachy-
cardia and hypertension. Those parameters are coincidentally two major deter-
minants of diastolic dysfunction, as higher heart rate reduces diastolic filling 
time and/or decreases coronary perfusion, and hypertension can exacerbate heart 
failure in patients with preserved ejection fraction. These findings suggest that 
echocardiography could be an excellent tool to guide the weaning process, help-
ing to decide the best therapy to achieve weaning.
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11.6  Prognostic Significance

An association between diastolic dysfunction and mortality has already been 
described in ICU patients. It has been hypothesized that non-survivors are unable to 
maintain stroke volume and cardiac output because of impaired LV dilation. The 
prognostic significance of diastolic function has also been demonstrated in echocar-
diographic studies. For example, in a multivariate analysis, only the E wave decel-
eration time and the Simplified Acute Physiology Score (SAPS) were independent 
predictors of mortality [22]. More recently, in a retrospective study over a 5-year 
period, 540 medical and surgical ICU mechanically ventilated patients were moni-
tored using echocardiography; LV diastolic dysfunction was observed in 31% of 
patients, with the lateral e′ maximal velocity identified as a factor independently 
associated with ICU mortality [25]. Finally, a meta-analysis of studies conducted in 
ICU populations with sepsis investigated diastolic dysfunction defined using TDI 
criteria and mortality [26]. The authors found a significant association between dia-
stolic dysfunction and mortality, and, curiously, no association between systolic 
dysfunction and mortality.

11.7  Conclusion

In comparison with systole, the diastolic phase of the cardiac cycle has only recently 
become appropriately recognized as an important, independent component of over-
all cardiac performance. Diastole is no longer perceived simply as a passive stage of 
ventricular filling interposed between contractions. Adequate ventricular filling 
actually depends on a complex interaction between ventricular relaxation, compli-
ance, and systolic function, in addition to an important late diastolic contribution 
from atrial contraction. Further studies are needed to investigate LV diastolic dys-
function during the acute phase of ARDS, with a special focus on relationship with 
severity and prognosis.
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on Ventriculo-Arterial Coupling: 
Implications for Long-term Care
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12.1  Introduction: Physiology of the Relationship Between 
the Left Ventricle and the Arterial Vasculature

Left ventricular (LV) function can be described by its pressure-volume trajectory 
during one cardiac cycle, with volume on the x-axis (Fig. 12.1). This LV pressure-
volume representation is extremely informative of most of the determinants of LV 
function, describing the four phases of the cardiac cycle: diastolic filling, isovolu-
mic contraction, ejection and isovolumic relaxation. Each pressure-volume loop 
defines the systolic and diastolic limits of LV pressure and volume independent of 
preload or afterload. LV pressure-volume points cannot exist outside the limits of 
diastolic compliance and the end-systolic elastance, defined as the LV end-systolic 
pressure-volume relationship (ESPVR), which is mostly linear over the physiologic 
range with a negative slope and a positive zero pressure volume intercept. The 
ESPVR defines the maximal LV systolic stiffness and is thus also called end-sys-
tolic elastance (Ees). At the other extreme, the end-diastolic pressure-volume rela-
tionship (EDPVR), reflecting global LV diastolic compliance is slightly curvilinear 
becoming steeper (stiffer) as LV volumes become large. Important to this discus-
sion, the LV ESPVR reflects global LV systolic function, with increasing and 
decreasing Ees reflecting increasing and decreasing LV contractility, respectively; 
whereas EDPVR represents LV diastolic properties.

The position and shape of the LV pressure-volume loop depends on the preload, 
afterload and structural qualities of the myocardium. Preload, which reflects end-
diastolic wall stretch can be approximated by LV end-diastolic pressure and 
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volume. Afterload, which reflects maximal LV wall stress during active contraction 
is influenced more by arterial characteristics opposing LV ejection.

One of the primary determinants of LV afterload is the associated rise in arterial 
pressure as the left ventricle ejects during systole. On the LV pressure-volume loop 
diagram, this arterial elastance (Ea) can be represented by a line intersecting with LV 
end-diastolic volume on the volume axis and the end-systolic pressure-volume point 
on the pressure-volume loop. But to measure Ea one must know end-systolic pressure. 
End-systolic pressure is not peak systolic pressure but the LV pressure at the end of 
the ejection phase. How it is estimated is the subject of debate because may hydrody-
namic processes contribute to the increasing arterial pressure during ejection and end-
systole cannot be identified as the end of antegrade flow from the aortic valve in many 
disease states. For example, very early termination of flow occurs with aortic regurgi-
tation and very delayed cessation of flow is seen during intra-aortic balloon 
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Fig. 12.1 Pressure-volume loop of a cardiac cycle. VAC ventriculo-arterial coupling, Ea arterial 
elastance, Ees ventricular elastance, ESP end-systolic pressure, ESV end-systolic volume, V0 vol-
ume X-axis intercept, SV stroke volume, LVef left ventricular efficiency, SW stroke work, PE 
potential energy, MAP mean arterial pressure, EDP end-diastolic pressure, PAOP pulmonary artery 
occlusion pressure
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counter-pulsation [1, 2]. Most non-invasive methods estimate end-systolic pressure as 
90% of the peak systolic pressure [3, 4]. Based on this construct, Ea can therefore be 
calculated as the ratio of end-systolic pressure to stroke volume (SV) [3].

Importantly, the ratio between Ea and Ees, called ventriculo-arterial coupling, 
has been used as a measure of the mechanical ejection efficiency of the cardiovas-
cular system and has been widely investigated in both chronic and acute conditions 
and their responses to pharmacologic interventions [5, 6]. Other properties and 
measurements, such as SV and ejection fraction (EF), can be derived from ventri-
culo-arterial coupling analysis.

Diastolic properties of the ventricle are much more difficult to quantify, mostly 
because of the non-linearity of the EDPVR. Stiffness in particular is defined by the 
dP/dV relationship, the change in pressure for a given change in volume. Generally, 
diastolic stiffness increases as end-diastolic pressure increases in a non-linear fash-
ion. For this reason, it is difficult to estimate in clinical practice. LV capacitance has 
been introduced to evaluate diastolic properties, referenced to an end-diastolic pres-
sure of 30 mmHg (V30).

Furthermore, the LV pressure-volume plane offers the ability to investigate the 
determinants of myocardial oxygen consumption (MVO2). MVO2 is linearly 
related to the area consumed by the LV single cycle pressure-volume loop, reflect-
ing LV stroke work, plus the Ees-defined potential energy triangle before end-
systolic volume. The sum of LV stroke work plus elastance-defined potential 
energy, is the LV pressure-volume area, and varies directly with MVO2. The larger 
the pressure-volume area, the greater the MVO2. The elastance-defined potential 
energy reflects ‘wasted’ cardiac work in that no LV SV occurs though energy is 
required. Many pharmacologic strategies have aimed to minimize this potential 
work while maximizing stroke work. An example of this is the use of afterload 
reduction in heart failure patients, which will preferentially decrease the elas-
tance-defined potential work and may actually increase stroke work by increasing 
SV as ejection pressure decreases. Disease states as well may impair LV energet-
ics by altering both Ees and Ea.

12.2  Measuring Ventriculo-Arterial Coupling

Ventriculo-arterial coupling, defined as the Ees/Ea ratio, is a dimensionless quantity 
often used to interpret and quantify the LV ejection efficiency. Several studies have 
introduced measurement using invasive and non-invasive techniques in humans and 
animal models of disease [7].

The original method proposed to measure Ees and Ea, and one that remains very 
accurate, is to measure a series of LV pressure-volume loops over several heart beats 
as either LV end-diastolic volume or end-systolic pressure are varied. This can be 
accomplished by using an end-inspiratory hold maneuver, inflating a balloon in 
the inferior vena cava or giving inhaled amyl nitrate to transiently reduce preload 
or limb muscle contraction or inflation of an aortic balloon to transiently increase 
afterload. These multi-beat methods allow calculation of ESPVR, EDPVR, Ees and 

12 The Effects of Disease and Treatments on Ventriculo-Arterial Coupling…



158

Ea. Ees is defined as the upper left pressure-volume domains and Ea the series of 
end-diastolic volume to end-systolic pressure lines. Of note, with rapid decreases 
in preload, Ea remains constant so the Ea values for each sequential Ea will be in 
parallel with those before and after it. The advantages of such multi-beat methods 
are accuracy and reproducibility, making them the reference method to assess other 
approaches. Their main disadvantage is the need to simultaneously measure both 
LV pressure and volume, necessitating a left heart catheterization procedure, usually 
requiring specialized clinical cardiac catherization equipment. Thus, this approach 
is not suitable for routine bedside assessments. Potentially, 3D-echocardiography 
can be used to assess LV volumes and experimental estimates of LV pressure have 
been proposed but are not clinically available [8, 9].

Single-beat methods have been developed for direct application in the clinical 
environment of the operating room, intensive care unit (ICU) or echocardiogra-
phy laboratory. Single-beat methods do not rely on varying afterload or preload 
via occluding vena cava, or applying vasoactive medication [10]. Such methods 
presume that by measuring maximal elastance (Emax) at the end of systole, one 
is also measuring Ees. There are several single beat techniques to estimate Ees. 
Conceptually, they can be divided into volume, pressure or combined volume-pres-
sure methods.

Volume methods assume that V0, the zero pressure volume intercept on the x-axis 
of the ESPVR curve, occurs at the origin (zero pressure and zero volume) [11, 12]. 
This assumption usually underestimates true Ees because if V0 is greater than 0 mL, 
the slope of the Ees will be less. Accordingly, this method reports inaccurate esti-
mates of Ees, which can become very inaccurate if V0 is much greater than zero. 
However, it is very useful if LV volume measurements are precise, as demonstrated 
in the estimate of Ees using 3D-echocardiography or magnetic resonance imaging 
(MRI) in the right heart [13]. In this case Ees is calculated as:

 
Ees

end systolic pressure

end systolic volume
=

-  

-   

Although an approximation, these simplified estimations of Ees [14] have been 
demonstrated to correlate well with directly measured Ees, using the multi-beat 
method.

Pressure methods are essentially based on the determination of Pmax (or PISO), 
which is considered the maximal pressure exerted by the ventricle during isovolu-
mic contractions (ventricle squeeze if its outflow is prevented). Once obtained, Ees 
(or Emax) can be calculated as:

 
Ees Emax

Pmax

SV
( ) =  

This theoretical pressure can be calculated from a nonlinear extrapolation of the 
early and late portions of the ventricular pressure curve (Fig. 12.1) as derived from 
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Sunagawa et al. [15]. Takeuchi et al., in 1991, demonstrated that Emax calculated 
using Pmax correlates well with Ees derived from the multibeat analysis [16].

Senzaki et al. in 1996 [17] and subsequently Chen et al. in 2001 [4] proposed a 
combined pressure and volume method to non-invasively calculate Ees by fitting 
time varying elastance curves with regression analysis data extrapolated from a sub-
set of patients with different cardiovascular conditions. In practice, Chen’s algo-
rithm needs to be fitted with data derived from echocardiographic and hemodynamic 
monitoring: systolic and diastolic blood pressure, ejection fraction, stroke volume, 
pre-ejection time and total ejection time, commonly measured at the bedside, and 
this is the most used so far in clinical practice [5, 18–21].

12.3  Measuring Right Ventricular Ventriculo-Arterial 
Coupling

The most accurate methods to assess RV ventriculo-arterial coupling are based on 
cardiac MRI, which is able to measure RV end-diastolic and end-systolic volumes, 
while assessing end-systolic pulmonary arterial pressure using a pulmonary artery 
catheter (PAC) [22]. These approaches have found great utility in the assessment of 
patients with pulmonary hypertension and their response to therapy and time.

These methods, although very accurate to assess stable patients with chronic 
disease, are not very useful in a critical care scenario. At the bedside, volumes can 
be obtained by placing conductance catheters in the right ventricle and by inserting 
a PAC in order to measure RV pressure at end-systole [23]. As for the left ventricle, 
estimation of Pmax of the RV during a theoretical RV isovolumic contraction by 
extrapolation of the RV pressure profile is also possible [24].

12.4  Ventriculo-Arterial Coupling in Critical Care

Many critical care scenarios can alter Ees, Ea or both, greatly influencing ventri-
culo-arterial coupling and thus overall cardiovascular performance. LV Ees reduc-
tion is usually seen in acute left myocardial infarction or myocarditis and may 
develop in sustained sepsis. Severe sepsis can cause a generalized vasoplegia thus 
decreasing Ea. Since septic shock is also associated with systemic hypotension, if 
Ea decreases enough or cardiac output is too low owing to decreased venous return 
or both, vasopressors are often needed to increase arterial pressure enough to sus-
tain an adequate organ perfusion pressure. Vasopressors will increase Ea as arterial 
pressure increases. Thus, ventriculo-arterial coupling is often put into imbalance 
during many acute diseases and their treatment.

Similar ventriculo-arterial coupling imbalance can occur on the right side of the cir-
culation. RV failure due to hypotension or ischemia will decrease RV Ees, and pulmo-
nary embolism, aggressive ventilation and acute respiratory distress syndrome (ARDS) 
can all increase RV afterload increasing pulmonary arterial Ea [25]. Thus, these disease 
states are also often associated with ventriculo-arterial coupling imbalance.
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Finally, biventricular impairment is often seen in many severe diseases mak-
ing treatment options difficult and prognosis poor. Thus, assessing ventriculo-
arterial coupling for both sides of the heart is an important exercise in the 
assessment and management of critically ill patients with cardiorespiratory 
insufficiency.

12.5  Disease and Treatment Influence on Ventriculo-Arterial 
Coupling

Therapeutic interventions in the critically ill, by altering arterial tone and contractil-
ity, have effects on ventriculo-arterial coupling. Analyzing hemodynamic states 
using a pathophysiological approach is useful in order to better understand the dis-
ease phenotype either created de novo by the disease or in combination with thera-
pies. For example, inotropic agents are often used to support patients with acute 
heart failure. Based on the above discussion, one would expect inotropes to be most 
effective if baseline Ees is low, as compared to Ea. Dobutamine, for example, will 
increase Ees and decrease Ea, and if given in a setting of a low Ees relative to Ea 
may restore normal ventriculo-arterial coupling. In sepsis, we previously showed 
that although Ea is decreased, Ees is decreased more, presumably due to septic car-
diomyopathy, and, because of the associated tachycardia or use of norepinephrine 
infusions, Ea is increased. These combined effects may lead to LV failure if ventri-
culo-arterial coupling imbalance is sustained for greater than 8 h. Interestingly, fluid 
resuscitation may restore ventriculo-arterial coupling by selectively decreasing Ea, 
and if present would be associated with an increase in both cardiac output and arte-
rial pressure. Thus, patients who recouple their ventriculo-arterial coupling ratio in 
response to norepinephrine should increase their cardiac output whereas those who 
do not, will not increase cardiac output even though both may realize a similar 
increase in arterial pressure.

Functional hemodynamic monitoring [26], relying on dynamic indexes of pre-
load, is useful in defining volume responders. Presumably those patients will also 
have a balanced ventriculo-arterial coupling, although this assumption has not been 
rigorously tested.

Severe sepsis and septic shock represent one of the most complex cardiovascu-
lar states to be encountered in critical care medicine. Both LV contractility (Ees) 
and arterial tone (Ea) are differentially altered. And, if acute lung disease is also 
present, as is commonly the case with patients who initiate their septic state with 
pneumonia, right sided ventriculo-arterial coupling imbalance can also occur. 
Furthermore, with the associated vasoplegia and vascular endothelial leak, 
decreases in absolute and effective circulating blood volume often also occur. The 
increased sympathetic tone also induces tachycardia, which artificially sustains a 
higher Ea than would otherwise be the case if heart rate were lower. Consequently, 
reductions in mean arterial pressure (MAP) and SV are often seen associated with 
an increased cardiac output.
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Applying a pathophysiological approach, we would observe a huge reduction in 
SV and end-systolic pressure (MAP) and, surprisingly, a significant increase in Ea. 
This may require further explanation: Ea is often mistaken or misinterpreted as total 
peripheral resistance, but to be specific,

 
total peripheral resistance

 
SV= ×

MAP

heart rate  

If MAP is assumed to reflect end-systolic pressure, we find

 
total peripheral resistance

-  
heart µ ×

end systolic pressure

SV
rrate

 

However, end systolic pressure

SV

-  
Ea= .

Therefore, Ea ≅ total peripheral resistance · heart rate.
Accordingly, Ea depends on both total peripheral resistance and heart rate. In 

fact, in situations where the arterial tone is decreased but heart rate is increased, Ea 
can be maintained constant or even increase.

Moreover, according to the equation

 
Ea

-  
=
end systolic pressure

SV  

Ea is always increased if SV change is greater that the change in end-systolic pres-
sure. This interaction between SV and end-systolic pressure is probably the reason 
why septic shock patients may benefit from heart rate reduction aiming to restore 
ventriculo-arterial coupling; the use of beta-blockers has been successful, because it 
simultaneously reduces Ea [27]. Theoretically, inodilators, such as levosimendan, 
could show beneficial effects on both Ees and Ea preventing uncoupling and hemo-
dynamic derangement [28].

Treatment-associated ventriculo-arterial coupling imbalances may impact longer 
term outcomes. Those septic shock patients receiving prolonged high doses of vaso-
pressor to sustain a higher arterial pressure and thus higher Ea have increased mor-
tality in randomized prospective clinical trials of lower pressor doses. 
Ventriculo-arterial coupling imbalance has also recently been demonstrated to have 
prognostic value in elderly patients with sepsis or septic shock [29] and in patients 
following acute myocardial infarction [30].

Altered RV ventriculo-arterial coupling can be useful to determine the prognosis of 
a patient who has normal LV function, but increased pulmonary vascular resistance.

The long-term effects of ventriculo-arterial coupling imbalance due to critical 
illness are unclear. However, in cardiac patients chronic LV or RV ventriculo-arte-
rial coupling mismatch portends a grave prognosis and is more predictive of early 
mortality than most other physiological or clinical markers [25, 31].
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12.6  Conclusion

Cardiovascular physiology is often altered by systemic diseases like septic shock. If 
persistent, these changes portend a poor prognosis even if the patients survive the 
acute event and are discharged from the hospital. Intensivists should be cognizant of 
the determinants of ventriculo-arterial coupling and how to measure it and how 
treatments impact patient outcome.

Although hemodynamic monitoring is widely used in the critically ill [32], so far 
there is lack of evidence of its impact on patient outcomes. However, literature in 
the field of hemodynamic monitoring shows the benefits of more tailored approaches 
rather than customary protocols in order to properly diagnose and address the patho-
physiology underlining ongoing hemodynamic alterations [33]. The study of ventri-
culo-arterial coupling may be the key to demonstrate how a more patient-centered 
approach could positively impact long-term outcomes.
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13Mechanical Circulatory Support Devices 
for Cardiogenic Shock: State of the Art

L. A. Hajjar and J.-L. Teboul

13.1  Introduction

Cardiogenic shock is the clinical expression of circulatory failure, as a conse-
quence of left, right or biventricular dysfunction. Cardiogenic shock is also 
defined as a state of critical end-organ hypoperfusion due to primary cardiac 
dysfunction [1–3]. Cardiogenic shock is not simply a decrease in cardiac con-
tractile function, but also a multiorgan dysfunction syndrome involving the 
entire circulatory system, often complicated by a systemic inflammatory 
response syndrome with severe cellular and metabolic abnormalities [4]. The 
clinical presentation of cardiogenic shock varies from hemodynamic abnormali-
ties of pre-shock to mild shock, progressing to more profound shock and finally 
refractory shock, which is associated with high mortality rates. Additional 
insults can occur, such as arrhythmias, vasodilation, ischemia and infection, 
acutely changing the trajectory of the disease [5]. The contemporary manage-
ment of cardiogenic shock involves early diagnosis and directed therapy to opti-
mize oxygen delivery and tissue perfusion.

The diagnosis of cardiogenic shock is based on the presence of: (1) persistent 
hypotension defined as systolic blood pressure <90  mmHg or mean arterial 
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pressure (MAP) 30  mmHg below baseline or requirement of vasopressors to 
achieve a systolic blood pressure ≥90 mmHg; and (2) signs of impaired organ 
perfusion (e.g., central nervous system abnormalities including confusion or lack 
of alertness, or even loss of consciousness; oliguria; cold, clammy skin and 
extremities, tachypnea, increased arterial lactate >2 mmol/L) despite normovole-
mia or hypervolemia [1].

Some clinical trials include hemodynamic parameters as diagnostic criteria, 
including low cardiac index (CI) (<1.8 L/min/m2 without support or <2.2 L/min/m2 
with support) and adequate or elevated filling pressures (left ventricular end- 
diastolic pressure >15 mmHg) [1, 6]. However, the diagnosis of cardiogenic shock 
is mainly based on clinical examination.

The most common cause of cardiogenic shock is acute coronary syndrome. 
Other causes include mechanical complications of acute coronary syndrome, myo-
carditis, right ventricular (RV) failure and progressive heart failure from cardiomy-
opathies [7]. In the CardShock study [8], among 219 patients with cardiogenic 
shock, 68% had ST-elevation myocardial infarction (STEMI), 9% mechanical com-
plications of myocardial infarction and 20% non-acute coronary syndrome causes, 
such as worsening chronic heart failure, valvular heart disease, stress-induced car-
diomyopathy and myocarditis. Patients may also present with cardiogenic shock 
post-cardiotomy and because of significant ventricular arrhythmias, pulmonary 
embolism, or cardiac tamponade.

Cardiogenic shock remains a challenging condition with mortality rates of 
approximately 50% [4]. The field of temporary mechanical circulatory support to 
manage patients with cardiogenic shock has advanced in the last decade. However, 
indications for temporary mechanical circulatory support and device selection are 
part of a complex process requiring consideration of the severity of cardiogenic 
shock, early and prompt hemodynamic resuscitation, specific patient risk factors, 
technical limitations, adequate resources and training, and assessment of futility of 
care. Early intervention with adequate selection of the most appropriate mechanical 
circulatory support device may improve outcomes [5] (Fig. 13.1).

13.2  Management of Cardiogenic Shock

The focus of the treatment of cardiogenic shock is to prevent organ failure through 
hemodynamic resuscitation and optimization, and simultaneously to assess and 
treat a potential reversible cause.

13.2.1  Hemodynamic Support

Myocardial dysfunction generates a spiral of reduced stroke volume, increasing 
ventricular diastolic pressure and wall stress, which reduces coronary perfusion 
pressure. In addition, left ventricular (LV) dysfunction and ischemia increase dia-
stolic stiffness, which elevates left atrial pressure, leading to pulmonary 
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congestion, hypoxia, and worsening ischemia. Initial compensatory mechanisms 
result in activation of the sympathetic nervous system and the renin–angiotensin–
aldosterone system. In about 40–50% of cases, there is a concomitant activation of 
cytokines, increased inducible nitric oxide synthase (iNOS), increasing levels of 
NO and subsequent vasodilation and hypotension. Activation of the inflammatory 
cascade is associated with myocardial depression. Cytokines such as interleukin 

Cardiogenic Shock

SBP <90 mmHg
HR >100 bpm
Altered mental status
Cool extremities

Lactate >2 mmol/L
PAOP >15 mmHg
CPO <1 W
CI <1.8 L/min/m2

Echo, EKG, X-ray, blood gases, biochemical analysis, arterial line, CVC

Fluid assessment, vasopressors, inotropes, advanced monitoring (PAC, TPTD)

Etiologic diagnosis (PCI, thrombolysis, drainage)

Refractory shock (increasing vasoactive requirement, worsening hemodynamic parameters)

Organ failure

Heart Team

Select the most appropriate assist device

IAPB

0 – 1L 1 – 2L 2 – 3L 3 – 4L 4 – 5L 5 – 7L

Impella 2.5 TandemHeart

Impella CP Impella 5.0

VA - ECMO

Fig. 13.1 Management of cardiogenic shock. SBP systolic blood pressure, HR heart rate, PAOP 
pulmonary artery occlusion pressure, CPO cardiac power output, CI cardiac index, ECHO echo-
cardiogram, EKG eletrocardiogram, CVC central venous catheter, PAC pulmonary artery catheter, 
TPTD transpulmonary thermodilution, PCI percutaneous intervention
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(IL)-1, IL-6 and tumor necrosis factor (TNF)-α and reactive oxygen species (ROS) 
can disturb regional autoregulation leading to impaired microcirculation. This 
might also contribute to reduced oxygen extraction at the tissue level [7]. 
Improvement in hemodynamic parameters, which reflects normalization of the 
macrocirculation, does not always result in restoration of the microcirculation [9]. 
This has been shown by studies in conditions of a loss of hemodynamic coherence 
where resuscitation resulted in normalization of systemic hemodynamic variables 
but did not lead to an improvement in microcirculatory perfusion and oxygenation 
[10, 11].

We can divide the hemodynamic management of patients with cardiogenic shock 
into three steps.

13.2.1.1  Step 1: Initial Assessment (Salvage Phase)
Recognition of cardiogenic shock should trigger a rapid assessment of the etiology 
and hemodynamic profile based on history, physical examination, laboratory inves-
tigations, electrocardiogram (EKG), and echocardiography. The initial assessment 
and management are performed wherever the patient is—emergency room, hemo-
dynamic lab, surgical room or intensive care unit (ICU). Even in cases of prehospi-
tal diagnosis, adequate management should be started in this salvage phase.

Arterial line: arterial blood pressure must be monitored using a continuously 
transduced arterial line. The initial target MAP should be at least 65 mmHg, tak-
ing into account individual variability. Radial or femoral access is preferred in this 
setting. An arterial line also allows blood gas analysis and arterial lactate monitor-
ing. The arterial catheter provides calculation of pulse pressure variation (PPV), 
which is a predictor of fluid responsiveness in mechanically ventilated patients 
when applicable. Minimally invasive cardiac output might be useful in the initial 
management of patients, using devices based on arterial waveform analysis. 
However, a number of studies have shown inconsistent performance of these 
devices in the setting of acute/very low cardiac output states and cardiogenic 
shock [12].

Central venous catheter: the central venous catheter (CVC) allows fluids, inotro-
pes and vasopressors to be administered in a timely fashion. From the CVC, impor-
tant hemodynamic variables, such as the central venous pressure (CVP), the central 
venous oxygen saturation (ScvO2) and the central venous carbon dioxide pressure 
(PcvCO2) can be obtained. The CVC must be inserted preferentially in the internal 
jugular vein, using ultrasound guidance.

Echocardiography: in the context of cardiogenic shock, transthoracic echocar-
diography is essential for diagnosis and to follow therapy. In the ICU, repeated 
echocardiography is recommended for evaluation of left and right ventricular func-
tion, valve dysfunction, and exclusion/diagnosis of mechanical complications. 
Echocardiography is also emerging as a hemodynamic monitoring tool in the ICU 
for estimation of cardiac output, cardiac filling pressures, to predict volume respon-
siveness, and determine response to critical care interventions [13]. The main 
advantages of echocardiography are its non-invasiveness and its ability to assess 
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both cardiac structure and function. From measurement of the velocity–time inte-
gral (VTI) of the flow in the LV outflow tract, measurement of RV size, search for 
pericardial effusion and search for respiratory variations in vena cava diameter, 
intensivists can quickly confirm and/or define the type of shock. Moreover, changes 
in cardiac output induced by therapeutic tests of fluid responsiveness or by fluid 
administration can be reliably estimated by the changes in VTI, as the area of the LV 
outflow tract remains unchanged over a short time period [12].

Vasopressors: norepinephrine is considered the vasopressor of choice in cardio-
genic shock. Subgroup analysis of patients with cardiogenic shock suggested lower 
mortality with norepinephrine compared to dopamine [14]. It is speculated that the 
increased heart rate associated with dopamine use may contribute to increased 
ischemic events. In a recent study of patients with septic shock, norepinephrine 
administration during early resuscitation increased cardiac systolic function 
despite the presumed increase in LV afterload secondary to the increased arterial 
pressure [15]. In patients with vasodilatory shock refractory to norepinephrine 
(doses >0.2 µg/kg/min), vasopressin should be initiated. This drug is associated 
with reduced rates of atrial fibrillation and lower requirement of renal replacement 
therapy (RRT) in vasodilatory shock [16]. Epinephrine should not be used in car-
diogenic shock due to its effect in increasing lactate levels, in increasing oxygen 
consumption and arrythmias and also due to the association with higher mortality 
rates [17, 18].

In a recent randomized clinical trial, norepinephrine was superior to epinephrine 
in achieving hemodynamic goals, and epinephrine increased lactate levels in 
patients with cardiogenic shock after acute myocardial infarction [19]. A meta- 
analysis of individual data from 2584 patients showed that epinephrine use for 
hemodynamic management of patients with cardiogenic shock was associated with 
a threefold increased risk of death [20].

Inotropes: The addition of an inotropic agent may help to improve stroke volume 
after hemodynamic stabilization with a vasopressor in cardiogenic shock. 
Dobutamine is the initial therapy and (starting dose 2.5 μg/kg/min) may act rapidly 
to restore stroke volume [1]. Levosimendan and milrinone, due to their vasodilator 
properties, should not be used in the management of cardiogenic shock.

Fluids and red blood cells: due to the vasodilation that can occur in cardiogenic 
shock, many patients may develop hypovolemia. In these cases, dynamic assess-
ment of fluid status should be performed, through echocardiography parameters and 
cardiac output monitors. A fluid challenge identifies and simultaneously treats vol-
ume depletion, whilst avoiding deleterious consequences of fluid overload through 
its small volume and targeted administration [21].

Red blood cell transfusion is recommended on an individual basis, according to 
hemodynamic parameters after the administration of inotropes and vasopressors 
and fluid status assessment. Usually, hemoglobin levels >8 g/dL are needed to opti-
mize oxygen delivery in patients with shock. However, the value is dependent on 
hemodynamic circumstances, patient age, comorbidities and compensatory response 
to anemia and shock [22, 23].
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13.2.1.2  Step 2: Optimization and Stabilization
The second phase of the hemodynamic management of cardiogenic shock aims to 
optimize the hemodynamic goals and stabilize the patient to prevent complications. 
In this setting, accurate hemodynamic monitoring is recommended, and re- 
evaluation of therapies and patient response should be performed. The objectives of 
care are to optimize fluid status, and to adjust doses of inotropes and vasopressors 
to improve oxygen delivery and tissue perfusion.

Hemodynamic monitoring: after collecting information from clinical examina-
tion, CVP, arterial blood pressure, heart rate, gas analysis, echocardiography and 
minimally invasive cardiac output assessment, in most cases it is possible to make 
valid therapeutic decisions and select the most appropriate hemodynamic therapy. 
If the response of the patient is positive and shock is resolving, there is no need to 
add any further monitoring device. If the response is inadequate, it is recommended 
that more information be obtained using an advanced hemodynamic monitoring 
technique. It is also recommended that advanced hemodynamic monitoring should 
be used earlier when acute respiratory distress syndrome (ARDS) is associated 
with shock because in this situation fluid management is even more challenging. 
The two hemodynamic monitoring technologies considered as advanced are the 
pulmonary artery catheter (PAC) and transpulmonary thermodilution systems [12, 
24]. PAC use has fallen out of favor over the last two decades because of the diffi-
culty measuring and interpreting the hemodynamic variables as well as failure to 
demonstrate any benefit of its use in critically ill patients in randomized clinical 
trials [25]. Nevertheless, it has been recently suggested that the PAC may still have 
a key role in the hemodynamic monitoring of critically ill patients [26, 27]. 
Currently, the PAC is recommended in patients with refractory shock, in shock 
patients with RV dysfunction and/or with ARDS, and when selecting the ideal 
mechanical circulatory support device. Its advantage is that it can be used to mea-
sure the pulmonary artery pressure, and to provide an estimation of pulmonary 
vascular resistance and other potentially useful hemodynamic variables, such as 
right atrial pressure, left and right ventricular work, pulmonary artery occlusion 
pressure (PAOP), mixed venous oxygen saturation (SvO2), oxygen delivery, oxy-
gen consumption and extraction [12].

The use of transpulmonary thermodilution is recommended in patients with 
severe shock, especially in the case of ARDS [12, 24]. This technique measures 
cardiac output in an intermittent way, but transpulmonary thermodilution devices 
can also provide a real-time measurement of cardiac output through pressure wave-
form analysis after initial calibration. Pressure waveform analysis also continuously 
provides PPV and/or stroke volume variation (SVV), two dynamic markers of pre-
load responsiveness. The cardiac output measurement is accurate and precise, even 
in patients with high blood flow RRT. The mathematical analysis of the thermodilu-
tion curve provides other hemodynamic variables, such as the global end-diastolic 
volume (GEDV), a marker of cardiac preload, the cardiac function index and the 
global ejection fraction, markers of cardiac systolic function. The extravascular 
lung water (EVLW) is a quantitative measure of pulmonary edema and the 
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pulmonary vascular permeability index (PVPI), a marker of the lung capillary leak. 
Thus, such devices are particularly appropriate for guiding fluid management in 
patients with concomitant acute circulatory and respiratory failure as they help cli-
nicians assess the benefit/risk ratio of fluid administration. The benefit can be evalu-
ated by the preload responsiveness indices that these devices provide (PPV, SVV, 
pulse wave analysis-derived cardiac output response to passive leg raising or end-
expiratory occlusion test). The recommendation to use advanced hemodynamic 
monitoring should apply only to the subgroup of patients with shock who do not 
respond to the initial treatment and/or who have associated ARDS [12, 24].

13.2.1.3  Step 3: Titrating Therapies
In this phase, patients should be carefully evaluated regarding the response to ther-
apy. Clinical examination, macrohemodynamic and microhemodynamic variables, 
perfusion tissue markers and, if possible, microcirculation should be assessed in an 
integrative approach, trying to discern the circulatory status of patient. In the case of 
hemodynamic stability, vasoactive drug weaning may be started and de-escalating 
therapies might be a goal. However, 10–15% of patients develop refractory shock 
needing increased doses of vasopressors and inotropes, presenting signs of tissue 
hypoxia, and in many cases already developing organ failure. In this setting, 
mechanical circulatory support should be considered.

13.2.2  Specific Management According to the Etiology 
of the Cardiogenic Shock

In the case of cardiogenic shock due to acute coronary syndrome, myocardial 
revascularization is the only evidence-based therapy with proven survival benefit. 
Fibrinolysis should be reserved for patients with STEMI when timely percutane-
ous coronary intervention (PCI) is not feasible [2]. The SHOCK trial is one of the 
milestone randomized trials in cardiogenic shock [28]. Although it failed to show 
a reduction in 30-day mortality by early revascularization-based management 
either with PCI or coronary artery bypass grafting (CABG) [28], there was a sig-
nificant mortality reduction at 6 months and at long-term follow-up [29]. More 
than 80% of patients with cardiogenic shock have multivessel or left main coro-
nary artery disease [1]. These patients have higher mortality than patients with 
single- vessel disease. In recent years, immediate multivessel PCI of all high-grade 
lesions has been recommended in addition to the culprit lesion [2]. However, the 
randomized, multicenter Culprit Lesion Only PCI vs. Multivessel PCI in 
Cardiogenic Shock (CULPRIT-SHOCK) trial showed a significant clinical benefit 
of a culprit-lesion-only strategy with a reduction in the primary endpoint of 
30-day mortality or severe renal failure requiring RRT (45.9% culprit-lesion-only 
PCI vs. 55.4% immediate multivessel PCI group; relative risk 0.83; 95% confi-
dence interval 0.71–0.96; p = 0.01) which was mainly due to an absolute 8.2% 
reduction in 30-day mortality (43.3% vs. 51.5%; relative risk 0.84; 95% 
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confidence interval 0.72–0.98, p  =  0.03) [30]. Two recent meta-analyses con-
firmed an increased mortality at short-term follow-up with multivessel PCI and 
similar outcome at longer follow-up [31]. Data from one-year outcomes from the 
CULPRIT-SHOCK trial showed that mortality did not differ significantly between 
the two groups at 1 year; however, the rates of rehospitalization for heart failure 
and repeat revascularization were higher in the culprit-lesion- only PCI group than 
in the multivessel PCI group at this time point [32].

Evidence comparing PCI vs. CABG showed that the type of revascularization 
did not influence the outcome of patients with cardiogenic shock [1]. In current 
clinical practice, immediate CABG is performed in less than 4% of patients [1]. 
Antithrombotic therapy, including antiplatelets and anticoagulation, is essential 
during and after PCI in patients with acute coronary syndrome. Prasugrel/ticagrelor 
or clopidogrel is indicated in addition to aspirin in all patients undergoing 
PCI. Because of the delayed and impaired onset of oral antiplatelets action in unsta-
ble patients, glycoprotein IIb/IIIa inhibitors or cangrelor may be more liberally used 
in cardiogenic shock [1].

Unfractionated heparin or low molecular weight heparin should also be adminis-
tered with antiplatelets. There are no specific randomized trials in patients with 
cardiogenic shock, so the same recommendation applies as for other types of acute 
coronary syndrome [2]. The etiologic diagnosis is essential to improve outcomes. 
Echocardiography should be performed in the initial assessment of patients with 
cardiogenic shock to promptly diagnose and treat mechanical complications of 
acute myocardial infarction, cardiac tamponade, acute valve insufficiency or pul-
monary embolism. Independent of the phase of therapy, organ support and mainte-
nance must be given according to shock severity.

13.2.3  Mechanical Circulatory Support

Escalating doses of vasopressors and inotropes are associated with increased mor-
tality. Mechanical circulatory support is an essential part of the management of 
cardiogenic shock and is commonly utilized as a bridge-to-decision, whether it is 
recovery, palliation, heart transplant or a durable mechanical circulatory support 
device. A comparison of technical features of the available percutaneous assist 
devices is shown in Table 13.1.

13.2.3.1  Intra-aortic Balloon Pump
The intra-aortic balloon (IABP) pump, a counterpulsation pump placed percutane-
ously in the descending aorta, is the most used assist device worldwide. It requires 
a native beat and a stable rhythm as the balloon is synchronized with the heart. For 
more than four decades, IABP has been used to improve hemodynamic parameters 
in patients with cardiogenic shock. An IABP reduces afterload, increases cardiac 
output, optimizes coronary flow and decreases oxygen consumption [33]. The inser-
tion of an IABP is relatively easy, it has a low cost and associated vascular compli-
cations are rare. However, the increase in cardiac output is relatively small, about 
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500–800 mL/min/m2. The IABP-SHOCK II trial randomized 600 patients with car-
diogenic shock after acute myocardial infarction and early revascularization to 
IABP or conventional treatment and found no difference in 30-day mortality 
between the treatment groups [34]. These results led to a downgrading of the IABP 
recommendation in the ESC guidelines with a current class IIIB recommendation 
for routine use of IABPs in cardiogenic shock. The 2017 ESC STEMI guidelines 
now recommend IABP use only in patients with mechanical complications (class 
IIa, level C) [35].

Recent meta-analyses of IABP therapy in post-acute myocardial infarction 
patients with cardiogenic shock (incorporating the results of the IABP-SHOCK II 
trial) have further called into question the utility of IABP therapy in these patients. 
Analyzing data from 17 studies, Romeo et  al. reported no overall differences in 
short- or long-term mortality in patients receiving IABP therapy. Interestingly, 
when stratified by initial treatment, IABP therapy significantly reduced mortality 
(RR 0.77, 95% CI 0.68–0.87) in patients receiving thrombolytic therapy but signifi-
cant increased mortality (RR 1.18, 95% CI 1.04–1.34) in patients receiving primary 
PCI [36].

In spite of the evidence against the routine use of IABP, it is often used as initial 
mechanical support (bridge therapy) until other more sophisticated devices become 
available. Another field of interest is the use of IABP in patients receiving 

Table 13.1 Technical properties of percutaneous circulatory assist devices

IAPB
IMPELLA 
2.5

IMPELLA 
CP

IMPELLA 
5.0 TandemHeart VA-ECMO

Mechanism Aorta LV → aorta LV → aorta LV → aorta LA → aorta RA → aorta
Flow (L/min) 0.3–

0.5
1.0–2.5 3.7–4.0 Max. 5.0 2.5–5.0 3.0–7.0

Cannula size 
(Fr)

7–8 13–14 13–14 21 15–17 arterial 
21 venous

14–16 arterial 
18–21 venous

Femoral artery 
size (mm)

>4.0 5.0–5.5 5.0–5.5 8.0 8.0 8.0

Cardiac 
synchrony or 
stable rhythm

Yes No No No No No

Maximum 
implant days

TBD 7–10 days 7–10 days 2–3 weeks 2–3 weeks 3–4 weeks

Cardiac power ↑ ↑↑ ↑↑ ↑↑ ↑↑ ↑↑↑
Afterload ↓ ↓ ↓ ↓ ↑ ↑↑↑
MAP ↑ ↑↑ ↑↑ ↑↑ ↑↑ ↑↑
LVEDP ↓ ↓↓ ↓↓ ↓↓ ↓↓ ↔
PAOP ↓ ↓↓ ↓↓ ↓↓ ↓↓ ↔
LV preload – ↓↓ ↓↓ ↓↓ ↓↓ ↓
Coronary 
perfusion

↑ ↑ ↑ ↑ – –

IABP intraaortic balloon pump, VA-ECMO veno-arterial extracorporeal membrane oxygenation, 
LV left ventricle, LA left atrium, RA right atrium, MAP mean arterial pressure, LVEDP left ven-
tricular end-diastolic pressure, PAOP pulmonary artery occlusion pressure
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extracorporeal membrane oxygenation (ECMO) due to the afterload reduction. 
There are data showing benefits of IABP in patients with ECMO, with a decrease in 
PAOP, less pulmonary edema and increased survival [37].

13.2.3.2  TandemHeart
The TandemHeart (TandemLife, Pittsburgh, PA, USA) is a percutaneous centrifugal 
pump that provides mechanical circulatory support of up to 4 L/min via a continu-
ous flow centrifugal pump. Oxygenated blood is withdrawn from the left atrium via 
a 21 Fr inflow cannula placed via trans-septal puncture and then re-injected into the 
lower abdominal aorta or iliac arteries via a 15–17 Fr outflow cannula [38]. The 
TandemHeart is inserted through the femoral vein and is advanced across the inter-
atrial septum into the left atrium. The need for transseptal puncture is a potential 
limitation to its widespread use. In 2005, Thiele et al. reported their experience with 
TandemHeart therapy in patients with cardiogenic shock post-acute myocardial 
infarction [39]. Patients were randomized to hemodynamic support with either an 
IABP or the TandemHeart. The primary endpoint was hemodynamic improvement. 
While greater improvements in cardiac power and in cardiac index were seen in 
patients receiving the TandemHeart, 30-day mortality was similar (43% vs. 45%, 
p  =  0.86) in the two groups. In 2011, Kar et  al. reported outcomes following 
TandemHeart insertion in 80 patients with cardiogenic shock post-acute myocardial 
infarction [40]. Almost half of these patients had undergone cardiopulmonary resus-
citation (CPR) immediately before or at the time of implantation. TandemHeart 
insertion was associated with significant improvements in hemodynamic indices. 
The 30-day and 6-month mortality rates were 40.2% and 45.3%, respectively. One 
patient died following wire-mediated perforation of the left atrium. Other complica-
tions included the need for blood transfusion (71%), sepsis/systemic inflammatory 
response syndrome [SIRS] (29.9%), bleeding around the cannula (29.1%), gastro-
intestinal bleeding (19.7%), coagulopathy (11%), stroke (6.8%), and device-related 
limb ischemia (3.4%).

13.2.3.3  Impella
The Impella (AbioMed, Danvers, MA, USA) is a continuous, non-pulsatile, axial 
flow Archimedes-screw pump that provides active support by expelling aspirated 
blood from the left ventricle into the ascending aorta. Unlike an IABP, the Impella 
does not require EKG or arterial waveform triggering, facilitating stability even in 
the setting of tachyarrhythmias or electromechanical dissociation. Reported com-
plications include device migration, device malfunction due to thrombosis, hemoly-
sis, bleeding requiring transfusion, arrhythmias, limb ischemia, tamponade, aortic 
or mitral valve injury, and stroke [1, 38].

Three versions of Impella for LV support are available: the Impella LP 2.5 that 
can deliver 2.5 l/min of cardiac output, the Impella CP that can deliver 3.7 L/min of 
cardiac output, and the Impella LP 5.0 that can deliver 5.0 l/min of cardiac output. 
While the Impella LP 2.5 and Impella CP can be inserted percutaneously via a 
12–14 Fr sheath, insertion of the Impella LP 5.0 requires surgical cutdown of the 
femoral or axillary artery prior to insertion of a 22 Fr sheath [38].
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The ISAR-SHOCK trial was a 2-center, randomized controlled pilot study that 
randomized 26 patients with cardiogenic shock post-acute myocardial infarction to 
Impella LP 2.5 or IABP therapy [41]. Although the cardiac index after 30 min of 
support was significantly increased in patients with the Impella LP 2.5 compared to 
those with an IABP (0.49 ± 0.46 vs. 0.11 ± 0.31 L/min/m2 respectively; p = 0.02), 
at 4 h, no significant differences were seen in the cardiac index, modified cardiac 
power index (CPI), or serum lactate. After 24 h, no significant differences were seen 
in urine output, vasopressor requirement, or mechanical ventilation duration. 
Hemolysis and transfusion were significantly higher in patients with the Impella LP 
2.5. Overall 30-day mortality was 46% in both groups.

Ouweneel et al., in 2017, reported the results from the IMPRESS trial, which 
randomized 48 patients with cardiogenic shock post-acute myocardial infarction to 
hemodynamic support with the Impella CP or an IABP [42]. Device placement 
occurred either prior to PCI, during PCI, or immediately after PCI. Notably, 92% of 
the study population had a history of recent cardiac arrest requiring resuscitation. At 
30 days, mortality was similar (50% vs. 46% for patients receiving support with the 
Impella CP or IABP, respectively; p  =  0.92). More bleeding events occurred in 
patients receiving support with the Impella CP. In a recent meta-analysis including 
148 patients, Tandemheart or Impella use was not associated with increased survival 
in patients with cardiogenic shock [43].

13.2.3.4  Right Ventricular Support
Acute RV failure may occur in multiple settings, including acute myocardial 
infarction, myocarditis, acute decompensated heart failure, acute pulmonary embo-
lism, pulmonary hypertension, post-cardiotomy, post-transplantation, and follow-
ing LVAD implantation. Devices currently available for RV support are CentriMag 
(St Jude Medical, Waltham, MA), a centrifugal pump with a magnetically levitated 
propeller, Impella RP, an axial catheter-based pump, and the PROTEK Duo 
(Cardiac Assist Inc., Pittsburgh, PA) catheter with an extracorporeal centrifugal 
pump [38].

The RECOVER RIGHT study evaluated the safety and efficacy of the Impella 
RP (4.0 L/min of cardiac support) in 30 patients with RV failure refractory to medi-
cal therapy [44]. The cohort was divided into patients with RV failure following 
LVAD implantation and patients with RV failure following acute myocardial infarc-
tion or cardiotomy. The primary endpoint of survival to 30 days or hospital dis-
charge was achieved in 73.3% of the overall study population, with 83.3% of 
patients with RV failure following LVAD implantation and 58.3% of patients with 
RV failure following cardiogenic shock post-acute myocardial infarction or cardi-
otomy alive at 30 days or discharge. All discharged patients were alive at 180 days. 
These results are particularly compelling when considering that prior studies of 
RVAD devices in patients with cardiogenic shock reported survival rates of 42–57% 
at discharge. In 2015, the Impella RP received approval from the FDA for adult and 
pediatric patients with a body surface area (BSA) ≥1.5 m2 with a diagnosis of acute 
RV failure following LVAD implantation, acute myocardial infarction, heart trans-
plantation or cardiotomy [38].

13 Mechanical Circulatory Support Devices for Cardiogenic Shock: State of the Art



178

The CentriMag (Levitronix LLC, Waltham, MA, USA) is a short- to intermedi-
ate support device composed of a centrifugal pump, an electric motor, and a con-
sole. It can generate up to 9.9 L/min continuous flow at 5000 rpm. The cannulae are 
inserted through a midline sternotomy, with the inflow cannula in the left ventricle 
or right superior pulmonary vein and the outflow cannula in the aorta. It is a thera-
peutic choice for bridging patients with acute cardiogenic shock to longer term 
mechanical support or transplantation or when inotropic and IABP support fail [45].

13.2.3.5  VA-ECMO
VA-ECMO is a form of heart-lung bypass machine that offers extended support to 
patients whose heart and/or lungs are unable to sustain life in the acute setting. 
VA-ECMO provides cardiopulmonary support for patients in refractory cardiogenic 
shock as a bridge to myocardial recovery, bridge to decision, bridge to durable 
mechanical circulatory support, bridge to heart transplant or bridge to decision for 
palliative therapy. Important advances in pump and oxygenator technology, percu-
taneous cannulation techniques and critical care management have enabled ECMO 
to be considered as a viable lifesaving modality [46].

Over 87,000 patients have been enrolled in the Extracorporeal Life Support 
Organization (ELSO) registry, including 12,566 adults with VA-ECMO, with the 
number of VA-ECMO centers increasing considerably in the last decade [46]. In a 
VA-ECMO circuit, deoxygenated blood is pulled from the venous circulation by a 
pump via a large cannula. Patients may be cannulated centrally (open chest) or 
peripherally. Blood passes through the pump into an oxygenator where gas exchange 
occurs (carbon dioxide removal and oxygenation). Oxygenated blood returns via 
another cannula to the arterial circulation using a centrifugal pump. Modern cen-
trifugal pumps cause less blood damage, reduced heat generation, cause less throm-
bogenicity and are smaller than old roller pumps. Polymethyl pentene- coated 
nonporous hollow fiber membrane oxygenators require lower priming volumes and 
have better gas exchange capability, improved blood compatibility, and show greater 
stability and preservation of coagulation factors and platelets.

Modern percutaneous approaches have resulted in wider utilization of ECMO, 
including in-hospital based programs that place patients in cardiac arrest on ECMO 
support (extracorporeal cardiopulmonary resuscitation [eCPR]), delivery programs 
with ‘in the field’ ECMO cannulation, and periprocedural ECMO in cardiac cathe-
terization laboratories, in the surgical room and in the ICU [47]. Distal perfusion 
catheters that direct a proportion of the returned oxygenated blood flow from the 
ECMO circuit to the cannulated leg decrease the risks of critical limb ischemia in 
femoral cannulation.

Survival among patients on VA-ECMO support remains modest, with hospital 
mortality rates of 50–60% and 6-month survival as low as 30% [38]. This may be a 
consequence of inadequate selection of potential candidates and insufficient train-
ing of the involved professionals.

The appropriate selection of patients for ECMO is challenging, because it should 
consider the adequate support, patient characteristics and the time of the procedure 
regarding potential reversibility of the shock state. There are few clinical studies 
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evaluating VA-ECMO in adults. Of 12 studies, 7 are retrospective, 2 are meta- analyses 
and 3 are prospective studies [46]. Patients with potentially reversible causes of shock, 
such as fulminant myocarditis or primary graft failure, have better survival than 
patients with cardiogenic shock after surgery or acute myocardial infarction [48, 49]. 
Patients for whom ECMO is deployed during or immediately after cardiac arrest have 
an especially poor prognosis. Pre-ECMO risk factors independently associated with 
poor outcomes include older age, female sex, and higher body mass index, as well as 
markers of illness severity including renal, hepatic, or central nervous system dys-
function, longer duration of mechanical ventilation, elevated lactate levels, and 
reduced prothrombin activity [48].

The management of patients receiving ECMO is based on predefined protocols, 
which include adequate set and flow control, management of gas exchange, reduc-
tion of LV preload, monitoring volume status and anticoagulation and evaluation for 
weaning [50]. Echocardiography is recommended on a daily basis to evaluate 
patients receiving VA-ECMO.

13.3  Role of a Cardiogenic Shock Team

Cardiogenic shock is a disease with high mortality and its management is complex, 
so it is essential to make an early diagnosis and to mobilize adequate resources. The 
availability of a shock team facilitates timely interventions and avoids futility. The 
shock team comprises a multidisciplinary group involving an interventional cardi-
ologist, cardiologist, cardiothoracic surgeon, a critical care physician and special-
ized nurses. The shock team must be ready not only to select and insert the 
appropriate device in the acute setting, but must also consider long-term strategies, 
such as permanent devices and transplantation. The shock team must also be pre-
pared to recommend against a mechanical circulatory support device in special set-
tings, such as the occurrence of multiple organ failure, or in the presence of advanced 
comorbidities.

13.4  Conclusion: The Future

Cardiogenic shock should be considered a high-mortality disease that develops as a 
continuum from the initial insult to the occurrence of organ failure and death. Many 
advances have contributed to improve diagnosis and therapy of cardiogenic shock. 
However, these have not led to improved outcomes. In the future, to obtain better 
results, we should learn how to deliver existing effective therapies within a timely 
and multifaceted strategy.

Early utilization of mechanical circulatory support instead of escalating doses of 
inotropes and vasopressors might avoid the downward spiral seen in patients with 
cardiogenic shock and resulting in high mortality rates. Appropriate device selec-
tion is still a complex decision process and we expect to obtain more objective data 
in the near future to help in the decision process, taking into account simultaneously 
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the severity of cardiogenic shock, goals of care, patient-specific risks and technical 
limitations along with assessment for futility of care.
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14Sodium Thiosulfate: A New Player 
for Circulatory Shock and Ischemia/
Reperfusion Injury?

M. Bauer, P. Radermacher, and M. Wepler

14.1  Introduction

Sodium thiosulfate (Na2S2O3) is a cation-chelating agent and has various applica-
tion areas in the chemical industry, e.g., in processes of water purification and in the 
mining industry. In medicine, sodium thiosulfate is a recognized drug since its iden-
tification as an antidote for minimum lethal doses of sodium cyanide back in 1933 
[1]. Sodium thiosulfate acts as a sulfur donor for sulfurtransferase to convert cya-
nide to thiocyanide, which is less toxic and can be eliminated via the urine. 
Therefore, sodium thiosulfate still serves as a treatment for cyanide poisoning 
worldwide. Besides its use as a treatment for cyanide poising, sodium thiosulfate is 
also used as an antioxidant, has chelating properties, and induces release of hydro-
gen sulfide (H2S) and nitric oxide (NO) in vivo, causing vasodilation (Fig. 14.1) [2]. 
Due to these chemical properties, sodium thiosulfate is an accepted drug for the 
treatment of chronic renal failure-induced calciphylaxis [3] and cisplatin poising 
[4], and has recently been recognized to lower the incidence of cisplatin-induced 
hearing loss among children with hepatoblastoma [5]. Furthermore, the anti-oxidant 
and the H2S-releasing properties of sodium thiosulfate have prompted a study in 
patients with acute coronary syndrome (ClinicalTrials.gov Identifiers NCT03017963 
and NCT02899364).

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-06067-1_14&domain=pdf
mailto:martin.wepler@uni-ulm.de
http://clinicaltrials.gov
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H2S, as one of the three endogenous gaseous mediators, can be produced endog-
enously by the enzymes cystathionine γ-lyase (CSE), cystathionine β-synthase 
(CBS) and 3-mercaptopyruvate sulfurtransferase (3-MST) [6] and is metabolized in 
vivo by oxidation to persulfate, thiosulfate, sulfite and sulfate. Thiosulfate (S2O3

2−) 
is a derivative of the more unstable thiosulfuric acid (H2S2O3) and as a sodium salt 
(Na2S2O3) that is significantly more stable and highly water soluble. H2S can be 
regenerated from thiosulfate by the enzymes 3-MST or rhodanase (Rde) in the pres-
ence of other reducing disulfides such as thioredoxin (Trx) or dihydrolipoic acid 
(DHLA) [7]. Therefore, sodium thiosulfate acts as a potent H2S-releasing com-
pound [8], especially under hypoxic conditions [7]. The very short half-life of less 
than a minute limits the clinical use of H2S itself and has led to the development and 
use of H2S- releasing compounds like GYY4137, hydrogen sulfite (NaHS), or 
sodium sulfide (Na2S) with better pharmacokinetic properties. However, these com-
pounds also have certain limitations for clinical use, e.g., toxic adverse effects or a 
very narrow therapeutic margin [9]. In contrast, the relatively low toxicity, high 
therapeutic margin and excellent solubility [10] make sodium thiosulfate a favor-
able H2S-releasing compound.

14.2  Sodium Thiosulfate Dose-Dependently Affects 
Mitochondrial Respiration In Vitro

At the molecular level, H2S exerts different effects on mitochondrial respiration, 
mainly determined by its dose, but also dependent on enzymatic reactions. On the 
one hand, at high concentrations, H2S reversibly and competitively binds to 

Fig. 14.1 Effects of sodium thiosulfate (Na2S2O3, left) in clinical use (right). GSSG glutathione 
disulfide, H2S hydrogen sulfide, eNOS endothelial nitric oxide synthase, NO nitric oxide, PDE 
phosphodiesterase
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mitochondrial complex IV (cytochrome C oxidase), thereby inhibiting the binding 
of oxygen, resulting in a shutdown of mitochondrial electron transport and cellular 
ATP generation [6]. At moderate concentrations, it is proposed that H2S binds to the 
reduced cytochrome C oxidase active site and acts as a competitive inhibitor of the 
enzyme. As H2S competes with cytochrome C oxidase’s substrate, O2, it can be 
subsequently replaced by O2. At lower concentrations, H2S does not compete with 
the substrate O2, but can still reduce the active side of cytochrome C oxidase and 
thus inhibit the enzyme [6]. Therefore, the inhibiting effect of H2S on mitochondrial 
complex IV becomes even more relevant under hypoxia. On the other hand, H2S can 
serve as a physiological mitochondrial substrate. Its functional effect is comparable 
to Krebs cycle-derived electron donors, such as nicotinamide adenine dinucleotide 
(in the reduced form abbreviated as NADH) or flavin adenine dinucleotide (hydro-
quinone form FADH2) [6]. The enzymes involved in this process are sulfide quinone 
reductase (SQR), dioxygenase, and sulfurtransferase (rhodanase), which can be 
summed as the sulfide oxidation unit [6]. Electrons donated from H2S most likely 
enter the mitochondrial respiratory chain through the sulfide oxidation unit, a reac-
tion that (1) reduces coenzyme Q and transfers electrons between complex I, II, and 
III; and (2) releases an oxidized form of sulfur, thiosulfate (H2S2O3), with (1) and (2) 
being reactions that both consume oxygen [6]. Of note, some of these reactions can 
take place in one direction or the other. When thiosulfate is present or administered, 
e.g., through sodium thiosulfate, H2S can be produced from thiosulfate by the 
enzyme rhodanase. In detail, formation of H2S from thiosulfate is favored by the 
oxidation states of the sulfur molecules in thiosulfate, possible most likely due to 
the presence of sulfur molecules in different oxidation states [11]. Hypoxia increases 
the reducing conditions of the mitochondrial matrix and, under reducing conditions, 
H2S can be generated from thiosulfate in the mitochondria [7]. Therefore, mito-
chondria are intimately involved in the oxygen-sensing process.

To examine the effects of sodium thiosulfate on mitochondrial respiration, we 
prepared primary cultures of cortical neurons from fetal rat brains (embryonic day 
18; E18). The brains were collected in Hanks’ balanced salts solution (HBSS). 
Tissue of the fronto-temporal cortex was carefully dissected out. Cell suspensions 
were prepared by treating the tissue with 0.25% trypsin for 20 min at 37 °C, fol-
lowed by homogenization. After preparation, the cortical neurons were seeded on 
poly-L-lysine-coated (0.1 mg/mL) culture flasks. The cells were grown in neuro-
basal medium, complemented with B27 supplement, L-glutamine, and penicillin/
streptomycin. Cell culture experiments were performed between day 22–24. Sodium 
thiosulfate was applied to the cell culture media of primary cortical rat neurons in 
various doses (4, 20, and 100 mM). Cells were harvested after 4 hours for the assess-
ment of mitochondrial oxygen consumption (JO2) in terms of ETS capacity (maxi-
mum respiratory activity of the electron transfer system in the uncoupled state). The 
incubation of neuronal cells with sodium thiosulfate in vitro showed that the increase 
in mitochondrial respiration at the uncoupled state was highest at doses of 4 and 
20 mM in vitro (Fig. 14.2). Expecting a volume of distribution in humans of 15 L 
and a molecular weight of 158 g/mol of sodium thiosulfate, 4 mM would equal a 
dose of 0.125 g/kg sodium thiosulfate in adult humans. Indeed, 4 mM of sodium 
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thiosulfate in vitro is a rather high dose based on the existing in vitro studies 
(Table 14.1), whereas an in vivo dose of roughly 0.125 g/kg sodium thiosulfate is 
well within the effective and non-toxic range (Table  14.1). Although we cannot 
finally prove it, it is most likely that sodium thiosulfate at a dose of 4 or 20 mM in 
vitro increases mitochondrial respiration compared to a control group by donating 
electrons to the respiratory chain at complex I, II, or III, but decreases mitochondrial 
respiration at higher doses of 100  mM by inhibiting complex IV [6] in a dose-
dependent manner (Fig. 14.2).

14.3  Sodium Thiosulfate Exerts Beneficial Effects in Chronic 
Renal Dysfunction

As mentioned above, sulfate and thiosulfate are metabolites of H2S. Recently, in a 
sub-study of the Prevention of Renal and Vascular End-stage Disease (PREVEND) 
study (n = 6839), it was shown that urinary sulfate, but not thiosulfate, excretion 
was inversely associated with risk of all-cause mortality [25]. The strong associa-
tion between sulfate excretion and mortality in the study population emphasizes the 
importance of sulfate, or its precursor H2S, on patient outcome. End-stage kidney 

Fig. 14.2 Effects of different concentrations of sodium thiosulfate on mitochondrial respiration 
(JO2) in cultured cortical neurons from fetal rat brains. N  =  6 measurements in each group. 
*p < 0.01 and #p < 0.0001 vs. control (Mann-Whitney-Test between the two groups), respectively. 
Data are expressed as median and interquartile range
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Table 14.1 Beneficial effects of sodium thiosulfate in different animal models of acute critical 
illness

Species Experimental model Effect of sodium thiosulfate References
Models of lung injury
Mouse LPS and systemic inflammation 

(CLP)-induced lung injury
Sodium thiosulfate (2 g/kg i.p. at 
LPS injection) reduced cytokine 
levels, lung permeability, histologic 
lung injury, and ROS production

[12]

Rabbit Hyperoxia and L-arginine-induced 
pulmonary hypertension and lung 
edema in isolated perfused lungs

Reduction in pulmonary 
hypertension and lung edema by 
sodium thiosulfate (12 mM)

[13]

Rat Cisplatin-treated metastatic lung 
tumor and inoculation of the 
transitional cell carcinoma into the 
lung

Sodium thiosulfate (1581 mg/kg 
i.v. 10 min. after cisplatin 
administration) induced a better 
anti-tumor effect than seen in the 
group given cisplatin alone as 
evaluated by the number of lung 
tumor nodules and survival time

[14]

Rat Model of experimental tuberculosis Sodium thiosulfate (100 or 
150 mg/kg) induced a marked 
anti- inflammatory and anti-
sclerogenic effect, rearrangement 
of fibrous connective tissue into 
loose shapeless tissue with 
increased number of cell elements, 
changes in the structure of collagen 
fibers down to granular 
degeneration, and typical 
properties of the connective tissues 
were observed in different periods 
of tuberculosis development

[15]

Models of ischemia/reperfusion injury
Rat Model of isolated heart subjected to 

ischemia/reperfusion injury
Postconditioning with sodium 
thiosulfate (1 mM) preserved 
mitochondrial structure, function, 
and number, reduction in metabolic 
demand of the re-perfused heart, 
reduction in free radical release

[16]

Rat Model of adenine-induced vascular 
calcification in combination with 
heart ischemia/reperfusion injury

Increased infarct size, lactate 
dehydrogenase, and creatine kinase 
release in the coronary perfusate 
and altered hemodynamics as well 
as mitochondrial dysfunction 
compared to control rats (without 
vascular calcification) treated with 
sodium thiosulfate (400 mg/kg for 
28 days) and subjected to ischemia/
reperfusion injury; improvement in 
cardio-protection only when 
sodium thiosulfate was combined 
with nicorandil

[17]

(continued)
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Table 14.1 (continued)

Species Experimental model Effect of sodium thiosulfate References
Rat Isolated mitochondria from 

adenine-induced vascular calcified 
kidneys, sodium thiosulfate was 
administered for 28 days before 
isolation, isolated mitochondria 
were subjected to oxidative stress 
by nitrogen gas purging (hypoxia/
ischemia/reperfusion injury) to 
assess mitochondrial recovery

Reduced oxidative stress and 
augmented mitochondrial enzyme 
activities in sodium thiosulfate- 
treated (400 mg/kg) animals

[18]

Rat Glucose oxidase/catalase-induced 
apoptosis in cardiomyocytes 
in vitro, in vivo using both isolated 
rat heart and intact left anterior 
descending artery (LAD) occlusion 
model of ischemia/reperfusion 
injury

Sodium thiosulfate of 1 mM 
reduced apoptosis in 
cardiomyocytes in vitro. Isolated 
rat hearts treated with sodium 
thiosulfate prior to ischemic/
reperfusion injury showed 
improved hemodynamics and a 
reduced infarct size. Cardiac fibers 
from LAD-occluded rat hearts 
showed less derangement when 
treated with sodium thiosulfate

[19]

Rat Myocardial ischemia/reperfusion 
injury in an isolated heart model

Sodium thiosulfate at a dose of 
1 mM given at reperfusion 
significantly reduced infarct size 
and showed a reduction of 
apoptosis as evidenced from 
decreased activity of caspase-3 in 
the myocardium, lowered 
expression of casp-3 and PARP, 
and showed less DNA 
fragmentation and histological 
derangement of fibers compared to 
the injury control

[20]

Mouse Global cerebral ischemia/
reperfusion injury induced by 
40 min of bilateral common carotid 
artery occlusion with microsurgical 
clips

Systemic administration of sodium 
thiosulfate (10 mg/kg i.p.) 
improved survival and neurological 
function, which was associated 
with a marked increase of 
thiosulfate in plasma and brain 
tissues and with inhibition of 
caspase-3 activity by persulfidation 
at Cys163 in caspase-3

[21]

Dog Model of experimental tourniquet 
shock and experimental myocardial 
infarction

Sodium thiosulfate (500 mg/kg 
i.v.) augmented hemodynamics 
under acute circulatory 
disturbances both in tourniquet 
shock and myocardial infarction. 
Sodium thiosulfate increased 
cardiac discharge, minute blood 
flow volume, the threshold of 
ventricular fibrillation, improved 
the heart work, and decreased and 
normalized the general peripheral 
resistance

[22]
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Table 14.1 (continued)

Species Experimental model Effect of sodium thiosulfate References
Models of inflammation
Mouse LPS-induced systemic inflammation Dose-dependent improved survival 

in sodium thiosulfate-treated 
animals (1 or 2 g/kg i.p. at LPS 
injection)

[23]

Mouse Model of acute liver failure induced 
by d-Galactosamine (GalN, 300 mg/
kg) and LPS (1 μg/kg) i.p.

Administration of sodium 
thiosulfate (2 g/kg i.p. at 30 min 
before and 3 h after GalN/LPS 
challenge) attenuated GalN/
LPS-induced liver injury via 
activation of Akt and Nrf2- 
dependent signaling and inhibition 
of GalN/LPS-induced JNK 
phosphorylation in wild-type mice

[24]

LPS lipopolysaccharide, CLP cecal-ligation and puncture, ROS reactive oxygen species, i.p. intra- 
peritoneal, i.v. intravenous, LAD left anterior descending artery, PARP poly [ADP-ribose] 
polymerase

disease (ESKD), for which renal replacement therapy (RRT) is needed, is a major 
factor impacting patient outcome. Most patients reach ESKD not because of an 
acute event, but because of a chronic, gradual decline in kidney function over 
decades. In most western countries, the primary causes of ESKD are diabetes, 
hypertension and renal vascular disorders. Renal vascular disorders may be trig-
gered by oxalate and the subsequent formation of calcium oxalate crystals, which 
can result from excessive nutritional intake (e.g., chocolate or nuts) or pathological 
overproduction of oxalate (e.g., due to primary hyperoxaluria, enteric hyperoxal-
uria, or excessive vitamin C ingestion). A renal vascular disorder itself is most likely 
caused by oxidative stress and antioxidant depletion, which cause a corresponding 
injury to the renal epithelium. Oxidants, which appear to be mainly mitochondria- 
derived, could impair the intracellular antioxidant defense system including the 
activity of superoxide dismutase (SOD). In a rat model of ethylene glycol-induced 
hyperoxaluria and renal injury, treatment with sodium thiosulfate (0.4 g/kg) pre-
served renal function by maintaining creatinine clearance. This effect was accompa-
nied by maintained tissue SOD activity in the sodium thiosulfate group. Because 
sodium thiosulfate is mainly eliminated by the kidney [26] and partially exchanged 
and metabolized by proximal tubular cells [27], the preserved renal function in the 
sodium thiosulfate group was potentially mediated via the maintained tissue SOD 
activity. In general, free radical oxidants are short lived and their very rapid dismu-
tation to H2O2 represents one of the major oxidant stresses. The exposure of a por-
cine proximal tubular kidney cell line in the study by Bijarnia et  al. led to a 
pronounced increase in H2O2 [28]. In their study, sodium thiosulfate dose- 
dependently reduced H2O2 levels, which they assume took place according to the 
chemical reaction: 4H2O2 + S2O3

2− → 2SO42− + 2H+ + 3H2O [28]. H2O2 has previ-
ously been shown to promote osteogenic differentiation of vascular smooth muscle 
cells and thereby to trigger vascular calcification [29]. Sodium thiosulfate can pre-
vent this type of vascular calcification in uremic rats [30], and, recently, endogenous 
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urinary thiosulfate excretion was demonstrated to be associated with a favorable 
cardiovascular risk profile and a survival benefit of renal transplant recipients [31], 
which is in line with the association between sulfate excretion and mortality in the 
subgroup of the PREVEND study [25]. In another study in rats with angiotensin II 
(Ang II)-induced hypertensive renal disease, treatment with sodium thiosulfate (1 g/
kg per day for three weeks) reduced hypertension, proteinuria, oxidative stress and 
improved renal function (Fig. 14.3 [32]). This study also investigated the effects of 
NaHS as an H2S donor. Interestingly, in an ex vivo isolated perfused kidney setup, 
NaHS, but not sodium thiosulfate, reduced intrarenal pressure. Therefore, also in 
this model, the beneficial effects of sodium thiosulfate are more likely to be related 
to the antioxidant effects of sodium thiosulfate.

14.4  Sodium Thiosulfate Exerts Beneficial Effects in Acute 
Models of Ischemia/Reperfusion Injury

In contrast to the above-mentioned chronic organ dysfunctions, acute-on-chronic 
injuries are of primary concern in the intensive care unit (ICU). For example, hypox-
emia and tissue ischemia during hemorrhagic shock trigger systemic hyper- 
inflammation, which leads to multiorgan failure (MOF) [33]. The restoration of blood 

Creatinine clearance

m
L/

m
in

5

4

### *
***

3

2

1

0
NaCl NaCl NaHS STS

Ang II

Fig. 14.3 Reduction of renal function loss in sodium hydrosulfate (NaHS) and sodium thiosulfate 
(STS)-treated rats. Three weeks of angiotensin II (Ang II) infusion decreased renal function as 
evidenced by a 67% decrease in creatinine clearance. Treatment with NaHS and STS reduced renal 
function loss by preserving the creatinine clearance. (###p  <  0.001 vs. control, *p  <  0.05, 
***p < 0.001 vs. Ang II + NaCl). From [32] with permission
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flow during resuscitation after hemorrhagic shock represents an ischemia/reperfusion 
injury, which may further aggravate organ dysfunction by development of acidosis, 
coagulopathy and systemic inflammation [34], and induces further tissue damage by 
oxidative stress [35]. H2S itself has been studied in various models of ischemia/reper-
fusion injury including myocardial infarction, cerebral ischemia, and transplant-asso-
ciated renal ischemia (Table 14.1). The beneficial effects are broad and often show 
end-organ protection, which could lead to a survival benefit (Fig. 14.4) [21]. However, 
one mechanism of H2S-related organ protection in animal models of ischemia/reper-
fusion injury is the reduction in acidosis by lowering lactate levels [34], most likely 
due to the activation of mitochondrial adenosine triphosphate (ATP)-sensitive potas-
sium channels and, hence, a shift to aerobic glycolysis [36]. Another beneficial effect 
of H2S is vasodilation (Fig. 14.1), but this clearly depends on the cause of disease. On 
the one hand, in a mouse model of intestinal ischemia, H2S was shown to lower muco-
sal injury scores due to vasodilatory effects, which improved mesenteric perfusion 
[37]. On the other hand, in a mouse model of hemorrhagic shock, the vasodilatory 
effects of H2S dose- dependently worsened animal outcome [38]. The vasodilatory 
effects of H2S are mediated through an interaction with the endothelial NO synthase 
and its production of the vasodilator, NO [2]. Under physiological conditions, H2S can 
dissociate to hydrosulfide (HS−). The latter reacts with RS-NO (S-nitrosylated cyste-
ine) and releases NO to produce RS-SH (S-sulfhydrated cysteine) via the proposed 
following reaction: HS− + RSNO → NO + RS-SH [39]. This reaction would also 
explain the finding of Altaany et al. that S-sulfhydration can reverse S-nitrosylation 
but not the other way around. NO cannot interact with the cysteine residue once a 
stable RS-SH is formed [39].

In addition to organ protective effects due to an increase in aerobic glycolysis 
and vasodilation, H2S also acts as a potent antioxidant. H2S can directly scavenge 
reactive oxygen species (ROS), increase intracellular glutathione levels, and reduce 
the amount of ROS produced through modulation of mitochondrial ROS production 
[40]. Glutathione in its reduced form (GSH) is a very potent intracellular antioxi-
dant, and the ratio of reduced to oxidized glutathione (GSSG) corresponds to the 
capacity of a cell to attenuate oxidative stress. Thioredoxin also acts as regulator of 
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Fig. 14.4 Effects of 
thiosulfate in brain ischemia/
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cellular oxidation/reduction (redox) status and has antioxidant properties, which 
was shown in mice that were protected against a renal ischemia/reperfusion injury 
when they over expressed the human thioredoxin gene [41]. In a study by Jha et al., 
H2S preserved GSH levels and thioredoxin-1 expression in mice subjected to hepatic 
ischemia/reperfusion injury [42]. The injury to hepatocytes depends to a great extent 
on the restoration of oxygen supply upon reperfusion [43]. Therefore, mitochondria 
as cell organelles, whose function highly depends on oxygen availability, determine 
cellular fate and death. H2S can exert potential mito-protective actions at low con-
centrations, but shows significant toxicity at higher concentrations, e.g., inhibition 
of the respiratory chain (Fig. 14.2). Also, the very short half-life of H2S and the 
disadvantages of common H2S-releasing compounds, including toxic adverse 
effects or a very narrow therapeutic margin [9], limit their clinical use. In contrast, 
the relatively low toxicity, high therapeutic margin and excellent solubility [10] 
make sodium thiosulfate a favorable H2S-releasing compound. Therefore, we tested 
whether administration of sodium thiosulfate can serve as a strategy to achieve the 
mitochondrial protection observed with donors of H2S, but with a substantially 
improved safety profile. CSE knockout mice (CSE−/−) and wild-type controls 
(CSE+/+) were studied using a standardized hepatic ischemia/reperfusion injury 
model. Ischemia was induced in the left lateral lobe of the liver by clamping the 
branch of the hepatic artery and portal vein using a microaneurysm clamp. This 
procedure resulted in a segmental (30%) ischemia. After 1 h, the clamp was removed 
to initiate reperfusion. The reperfusion time points were set to 1 h or 24 h. In this 
model, we investigated the effect of sodium thiosulfate on hepatic ischemia/reperfu-
sion injury in vivo using intravital microscopy to analyze the early ischemia/reper-
fusion injury in CSE−/− and CSE+/+ mice. Sodium thiosulfate (0.0456 g/kg) injected 
into the tail vein 10 min before the onset of reperfusion led to a significant recovery 
of mitochondrial granularity in the CSE+/+ group at the beginning of reperfusion 
(60 min). This effect was also detected at the end of reperfusion (120 min) for both 
genotypes (CSE−/− and CSE+/+ mice). In a further experiment, mice underwent 6 h 
or 24 h reperfusion in order to analyze the degree of necrosis and hepatocyte injury. 
Sodium thiosulfate caused a significant reduction of plasma alanine aminotransfer-
ase (ALT) levels in CSE+/+ mice after 6 h and in CSE−/− mice after 24 h. After treat-
ment with sodium thiosulfate, CSE−/− mice exhibited a significant reduction in 
necrotic areas (47%). This effect was not significant in CSE+/+ mice. However, a 
reduction (from 28% to 17%) was detected, underlining the potential therapeutic 
value of sodium thiosulfate for the treatment of hepatic ischemia/reperfusion injury 
(unpublished data).

14.5  Sodium Thiosulfate Improves Lung Function 
in a Porcine Model of Hemorrhagic Shock

Whereas in vitro and small animal studies, with the possibility of examining the 
effects of a certain gene (e.g., by studying knockout mice) are generally used to 
study specific mechanisms more in detail, larger animal models are more able to 
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mimic clinical scenarios, in part due to human-sized animals and the possibility to 
more reliably use invasive measurements of organ function and resuscitation meth-
ods. We therefore established a porcine model of hemorrhagic shock [9] to study the 
effects of post-shock treatment with sodium thiosulfate. As stated above, systemic 
hyperinflammation due to hypoxemia and tissue ischemia during hemorrhagic 
shock increases the risk of MOF [33]. The ischemia/reperfusion injury during res-
toration of blood flow may further aggravate tissue damage by oxidative stress [35]. 
Acute respiratory failure leads to hypox(em)ia, which can further enhance systemic 
inflammation [44]. Increasing H2S availability has been shown to be protective in 
various shock models, in particular after acute lung injury (ALI) and/or ischemic/
reperfusion injury [45, 46], in part due to better maintenance or even improved 
mitochondrial function. However, as stated above, older as well as newly developed 
H2S-releasing compounds still have potential drawbacks including a very narrow 
dosing and time window (Na2S [9]) or hemodynamic adverse effects (AP39 [38]). 
To our knowledge, sodium thiosulfate has been studied in two mouse models of 
systemic inflammation-induced ALI [12, 23] (Table 14.1), but large animal studies 
are still missing. Therefore, in a randomized, controlled, blinded experimental 
study, we tested the effects of sodium thiosulfate in an established porcine in vivo 
model of hemorrhagic shock. Anesthetized, mechanically ventilated, and surgically 
instrumented hypercholesterolemic pigs with preexisting coronary artery disease 
underwent 3 h of hemorrhagic shock (removal of 30% of the calculated blood vol-
ume and subsequent titration of mean arterial blood pressure [MAP] ≈ 40 mmHg). 
This animal strain is of particular importance while studying H2S-releasing com-
pounds like sodium thiosulfate, because these animals have reduced expression of 
the H2S producing enzyme, CSE, in coronary arteries and therefore can be consid-
ered as a large animal analogy to CSE-knockout mice [47]. Post-shock resuscitation 
(72 h) in our large animal model of hemorrhagic shock comprised re-transfusion of 
shed blood, crystalloids (balanced electrolyte solution) and norepinephrine support. 
Pigs were randomly assigned to “treatment” (0.1 g/kg/h intravenous sodium thiosul-
fate [Köhler Chemie, Bensheim, Germany] for 24 h after post-shock resuscitation) 
and “vehicle” (same amount of 0.9% intravenous sodium chloride for 24 h after 
post-shock resuscitation).

Animals that were treated with sodium thiosulfate during resuscitation from hem-
orrhagic shock had improved gas exchange expressed as the Horovitz-Index com-
pared to the vehicle-treated animals (Fig.  14.5a). Additionally, lung mechanics 
expressed as positive end-expiratory pressure (PEEP) values were preserved in 
sodium thiosulfate-treated animals (Fig. 14.5b). Strikingly, this effect was only man-
ifest when standard treatment had been resumed, i.e., after the sodium thiosulfate 
infusion had already been stopped. We also measured sulfide concentrations in whole 
swine blood by gas chromatography–mass spectrometry [48] before, during, and 
after hemorrhagic shock with resuscitation. Sodium thiosulfate (0.1 g/kg/h intrave-
nously) led to a significant increase in blood sulfide concentrations at the end of the 
sodium thiosulfate treatment (Fig. 14.5c) compared to the vehicle-treated animals.

In rodents, H2S itself is known to diminish lung injury [49], at least in part due to 
cytoprotective effects by reducing systemic inflammation [23, 50]. In 2014, 
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Sakaguchi et  al. studied the effects of sodium thiosulfate in a mouse model of 
lipopolysaccharide (LPS)-induced ALI [12]. In their study, mice were challenged 
with 2 mg/kg LPS intratracheally and treated with sodium thiosulfate (2 g/kg) at 
0 and 12 h after intratracheal LPS. Sodium thiosulfate significantly decreased the 
influx of cells into the alveolar space as well as myeloperoxidase levels in mice 
challenged with LPS. By measuring bronchoalveolar lavage (BAL) fluid protein 
content and lung wet-dry weight ratio, Sakaguchi et al. also showed that sodium 
thiosulfate attenuated the pulmonary vascular leakage and lung edema in LPS-
challenged mice. Furthermore, sodium thiosulfate exerted anti-inflammatory 
effects by reducing cytokine levels in lung tissue. The anti-inflammatory effects 
of sodium thiosulfate are most likely mediated through an inhibition of LPS-
induced activation of nuclear factor-kappa B (NF-κB) signaling by inhibiting IκB 
phosphorylation [12]. This is consistent with the hypothesis that sulfide also 
exerts anti-inflammatory effects via inhibition of NF-κB.  Sodium thiosulfate 
administration in the study by Sakaguchi et al. led to an increase in plasma sulfide 
levels in mice challenged with LPS or saline (56 ± 16 μM and 46 ± 22 μM, respec-
tively) [12]. Sakaguchi et al. also measured levels of sulfide in human umbilical 
vein endothelial cells (HUVEC) and observed that sodium thiosulfate increased 
intracellular sulfide levels within 2 h after the start of incubation of HUVEC with 
LPS and sodium thiosulfate. Since LPS triggered NF-κB activation within 1 h, 
and sodium thiosulfate markedly inhibited NF-κB activation, their data suggest 
that the anti-inflammatory effects of sodium thiosulfate are primarily mediated by 
intracellular sulfide converted from sodium thiosulfate [12]. The proposed hypoth-
eses that the in vivo effects of sodium thiosulfate are mediated by intracellular 
effects is further supported by the finding that thiosulfate can be converted to H2S 
via 3-MST, which is expressed in the vascular endothelium.

Fig. 14.5 (a) Gas exchange expressed as the Horovitz-Index; (b) lung mechanics expressed as 
positive end-expiratory pressure (PEEP) values; and (c) concentration of sulfide in whole blood. 
Gas exchange expressed as the Horovitz-Index (a) is preserved in animals treated with sodium 
thiosulfate at 48 h after hemorrhagic shock (n = 10) when compared to vehicle-treated animals 
(n  =  9). Lung mechanics expressed as PEEP values (b) are preserved in animals treated with 
sodium thiosulfate at 72 h after hemorrhagic shock (n = 10) when compared to vehicle-treated 
animals (n = 9). Concentration of sulfide in whole blood is increased at the end of the 24 h treat-
ment with sodium thiosulfate (n = 7) compared to vehicle-treatment (n = 6). Time is expressed as 
hours (h) after reperfusion following hemorrhagic shock with start of therapy. It should be noted 
that baseline and shock PEEP were set to zero with a fraction of inspired oxygen concentration 
(FiO2) of 21% to mimic a clinical scenario where the patient would be treated first after the injury. 
At start of reperfusion, FiO2 was set to 30% and PEEP to 10 mbar, because swine are particularly 
susceptible to atelectasis formation due to the lack of alveolar collateral ventilation. During resus-
citation, PEEP was adjusted according to the arterial partial pressure of oxygen (PaO2/FiO2 <300 
or <200 mmHg, I/E ratio was increased to 1:1, and PEEP increased to 12 or 15 mbar, respectively) 
[9, 36, 47]. Data are expressed as median and interquartile range
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14.6  Conclusion

The therapeutic use of the gaseous transmitter H2S is highly limited in clinical settings 
due to its narrow therapeutic window and potential toxic adverse effects at high con-
centrations. Sodium thiosulfate (Na2S2O3) is an approved and recognized drug that is 
used to treat cyanide poisoning, chronic renal failure-induced calciphylaxis, cisplatin 
overdosing, and has recently been recognized to lower the incidence of cisplatin-
induced hearing loss among children with hepatoblastoma. The results of our present 
studies show that: (1) sodium thiosulfate is a potent mediator of mitochondrial respi-
ration in vitro; (2) sodium thiosulfate offers potential as a drug to treat hepatic isch-
emia/reperfusion injury, e.g., during tumor surgery and hemorrhagic shock; and (3) 
sodium thiosulfate attenuates lung injury that develops after resuscitation from hem-
orrhagic shock, most likely involving a sulfur/H2S-dependent mechanism.

In conclusion, sodium thiosulfate, as a non-toxic, clinically applicable donor of 
H2S, should be considered as a new therapeutic approach for the treatment of critical 
care diseases involving an ischemia/reperfusion injury, as in the currently ongoing 
study in patients with acute coronary syndrome, and, due to our preliminary results, 
especially in critical care involving ischemia/reperfusion injury of the liver or lung.
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15Lactate in Critically Ill Patients: At 
the Crossroads Between Perfusion 
and Metabolism

M. Greco, A. Messina, and M. Cecconi

15.1  Introduction: Lactate in Shock

Lactic acidosis is a common finding in critically ill patients, including patients with 
septic shock, cardiogenic or hypovolemic shock, trauma and liver failure [1–3]. In 
these conditions, hyperlactatemia occurs when production of lactic acid signifi-
cantly exceeds lactate consumption. Lactate levels have been associated with patient 
outcomes in a large number of studies, either at patient admission or presentation or 
during the course of recovery [3–5]. In a study including more than 10,000 patients 
with septic shock, peak lactate concentration was associated with a near linear 
increase in patient mortality [6]. Outcome prediction was confirmed not only for 
absolute lactate values, but change in serum lactate levels was also independently 
associated with mortality [4].

The pivotal importance of lactate for the clinician resides in the possibility to use 
it as a target to guide resuscitation in patients with shock, or as a marker for early 
recognition of tissue hypoperfusion and worse prognosis, prompting immediate 
treatment. Lactate measurement is also easy and fast to obtain using point-of-care 
testing (most arterial blood gas analyzers offer the possibility to  measure lactate). 
For this reason, current sepsis guidelines recommend using lactate as a target for 
resuscitation in patients with septic shock [7]. However, despite the unquestioned 
association between lactate and prognosis in critical care patients, clinical interpre-
tation of lactate elevation is difficult.

By classic teaching, an increase in lactate is generally perceived as an increase in 
production due to a shift toward anaerobic metabolism related to reduced organ 
perfusion. However, in critical care patients, measured lactate levels are the sum of 
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several metabolic and catabolic processes, and lactate elevation may be due to an 
increase in production or a reduction in clearance. In addition, lactate can be ele-
vated in critically ill patients without necessarily being related to tissue dysoxia [8]. 
Lactate clearance is a common but imprecise term to refer to lactate metabolism, 
because lactate is a molecule widely produced, and metabolized by several organs. 
Like glucose, it is at the crossroads of several metabolic pathways [9, 10].

15.2  Lactate Metabolism

The correct interpretation of lactate synthesis and excretion is crucial to avoid mis-
understandings regarding lactate increase in the blood. Lactatemia (the concentration 
of lactate in the blood) reflects the balance between production and consumption of 
lactate. As a physiological consequence, for the same etiological mechanism deter-
mining an increase in lactate, one can either observe hyperlactatemia (if metabolism 
decreases) or normolactatemia [11].

15.2.1  Synthesis

The normal daily production of about 1500 mmol of lactate is mainly determined by 
the metabolism of different organs, such as muscles (25%), the skin (25%), the 
brain (20%), the intestine (10%) and red blood cells (20%), which are devoid of 
mitochondria [11]. Lactate is produced according to the following cytoplasmic 
reaction:

 Pyruvate NADH H Lactate NAD+ + « ++ +  

This biochemical reaction promotes lactate formation, causing a ten-fold lactate/
pyruvate ratio. Hence, the lactate increase in the blood is due to pyruvate production 
exceeding its utilization by the mitochondria. Because the pyruvate is essentially 
produced via glycolysis, any increase in glycolysis, regardless of its origin, can 
cause lactatemia. Pyruvate is principally metabolized into the mitochondria by 
means of the aerobic oxidation pathway, using the Krebs cycle. This reaction is 
extremely efficient in terms of energetic performance, leading to the production of 
36 molecules of ATP for one molecule of pyruvate:

 Pyruvate CoA NAD acetyl-CoA NADH H CO+ + ® + + ++
2  

The synthesis of lactate in the cell is dependent on the ATP/ADP and NADH/NAD 
ratios, which are both related to the oxygen utilization in the mitochondria. In fact, 
hypoxia inhibits mitochondrial oxidative phosphorylation [12], leading to a decrease 
in the ATP/ADP ratio and an increase in the NADH/NAD ratio. This metabolic 
condition inhibits both the pyruvate carboxylase (converting pyruvate into 
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oxaloacetate) and the pyruvate dehydrogenase (converting pyruvate into acetyl-
CoA). When the physiological pathway of pyruvate use is affected by alterations in 
the redox potential of the cell, the excess pyruvate concentration is shifted to lactate 
production and to the less efficient anaerobic glycolysis.

However, not just the increase in the NADH/NAD ratio, but also a drop in cyto-
solic pH triggers an increase in the lactate/pyruvate ratio. In fact, from the first 
equation:

 Pyruvate NADH H Lactate NAD+ + « ++ +  

at equilibrium:

 
Lactate pyruvate dissociation constant NADH NAD H/ /= ( )´( )´ +K  

Hence, changing the H+ concentration affects the lactate/pyruvate ratio. The use of 
this NADH/NAD ratio has been proposed to distinguish hypoxia-related hyperlac-
tatemia from hyperlactataemia resulting from an increase in glycolytic flux without 
hypoxic stress [13, 14].

15.2.2  Metabolism

The metabolism of the lactate produced in the mitochondria follows different bio-
chemical pathways:

 1. transformed into oxaloacetate or alanine via the pyruvate pathway;
 2. consumed directly by periportal hepatocytes (60%) to produce glycogen and glu-

cose (neoglycogenesis and neoglucogenesis via the Cori cycle). Neoglucogenesis 
is associated with a lower energetic efficiency (two ATP molecules produced per 
molecule of glucose to generate lactate, while six molecules of ATP are consumed 
for every molecule of glucose generated from lactate). However, this process 
allows the liver to use the ATP generated by fatty acid beta-oxidation to produce 
glucose. Moreover, this pathway has been shown to be a pivotal mechanism by 
which various tissues share an energetic substrate as a common source of carbons 
for oxidation, the so-called “lactate shuttle” theory [11];

 3. the cortex of the kidney also participates in the metabolism of lactate (30%). The 
threshold of renal excretion is about 5–6 mmol/L, implying that, within the phys-
iological range of blood concentration, lactate is not actually excreted in the 
urine.

Elevated lactate levels are the net effect of an increase in lactate production from 
organs and a reduction in metabolism by liver, kidney and muscle. The interaction 
of these aspects in critical care conditions varies widely, and is still a matter of 
debate.
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15.3  Lactate in Septic Shock

In septic shock patients, there is a mismatch between oxygen demand and oxygen 
consumption, leading to tissue hypoxia. With tissue hypoxia, mitochondrial oxida-
tion ceases to work, leading to a switch toward lactate hyperproduction and under-
utilization. There is overwhelming evidence on the association between lactate and 
mortality in this condition and, as a paradigm, this has been related to oxygen debt 
[15]. However, the classic view of reduced hypoxia as the sole cause of tissue hypo-
perfusion has been challenged in recent years [16]. When athletes are subjected to 
life-threatening hypoxia (e.g., on the summit of Mouth Everest), lactate levels may 
be normal or only slightly elevated [17]. A reduction in lactate following acute 
exposure to hypoxia at high altitude in climbers has been described as the “lactate 
paradox”, first described in 1930 [18].

Two studies have demonstrated that peripheral muscle tissue is not subject to 
hypoxia in septic shock patients. Boekstegers et al. measured a higher oxygen level 
in muscle tissue from patients with sepsis than from healthy patients. Unexpectedly, 
tissue oxygen levels were increased -not decreased- with increasing severity of sep-
sis [19]. Similarly, a microdialysis study showed an increased concentration of lac-
tate and normal oxygen tension in muscle tissue from septic shock patients [20]. 
Thus, a reduction in oxygen delivery and consequent switch to anaerobiosis are not 
the sole factors responsible for lactate production in sepsis. In this case, when gly-
colysis rate exceeds mitochondrial capacity due to hypoxia, tissue lactate levels 
increase. However, at least two other processes are implicated [21]. The first is 
increased lactate levels due to increased aerobic glycolysis in skeletal muscle, 
through β2-receptor stimulation. Increased epinephrine release in shock states could 
stimulate sarcolemmal Na+/K+ ATPase, enhancing lactate production in muscle. In 
the study by Levy et al., inhibition of Na+/K+ ATPase normalized muscular lactate 
levels in septic shock patients [20]. These data were confirmed by a study by Ronco 
et al., in which no association was demonstrated between arterial lactate concentra-
tion and oxygen delivery (DO2) in a physiological study on patients with sepsis [22]. 
The shift in metabolism related to epinephrine production can play a significant role 
in lactate production [23].

A second process is related to decreased lactate metabolism secondary to regional 
hypoperfusion and hypoxia or organ dysfunction. While this latter mechanism may 
be a major contributor to elevated lactate levels in the first phases of shock, more 
often it is involved later on, after the primary phase of resuscitation. In patients with 
hyperlactatemia at 24 h from the initial signs of shock, there is usually ‘normal’ 
production with decreased clearance of lactate [10].

15.4  Lactate and Organ Metabolism in Sepsis

The liver is responsible for 60% of lactate clearance. Despite this, a failure in liver 
metabolism is deemed responsible for elevated lactate level in sepsis only in case of 
hepatic ischemia and advanced cirrhosis [24]. Alterations in liver flow, more than in 
liver function, may be responsible for the overall increase in lactate. Liver or 
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splanchnic hypoperfusion may indeed persist despite global hyperdynamic flow sta-
tus. Organ dysfunction due to sepsis or sepsis-related hypoperfusion may modify 
metabolism to the point of transforming the liver, the principal organ for lactate 
metabolism, to a lactate-producing organ during sepsis [25]. When comparing dif-
ferent animal models of shock, van Genderen et al. demonstrated that regional per-
fusion was in a certain measure independent from cardiac output and hyperdynamic 
flow. Perfusion deficit was normalized by an increase in cardiac output in other 
models, but persisted in the sepsis model [26]. To distinguish between an increase 
in production of lactate or a decrease in clearance, Levraut et al. assessed hepatic 
clearance by infusing lactate (1 mmol/kg) in septic shock patients with mild hyper-
lactatemia. Patients with elevated lactate demonstrated reduced clearance [10]. 
Persistence of lactate elevation after resuscitation in sepsis should also be consid-
ered as a possible sign of altered clearance rather than evidence of persisting tissue 
hypoxia, especially in the context of ‘normalized’ variables such as central venous 
(ScvO2) or mixed venous (SvO2) oxygen saturation and central venous-to-arterial 
CO2 difference (PCO2gap).

In addition to the liver, other organs are affected by sepsis in terms of lactate 
metabolism. The lungs release a substantial amount of lactate during septic shock. 
Although it has been demonstrated that lactate is released during acute lung injury 
and acute respiratory distress syndrome (ARDS) [27], the presence of hypoxia in a 
highly oxygenated organ like the lung seems unlikely. Moreover, in this study, no 
correlation was found between venous lactate levels and arterial-venous mixed dif-
ference [28]. This suggests that oxygen consumption and lactate release during sep-
tic shock are not the results of the same process.

Lactate increase in sepsis may also be a protective mechanism more than a 
maladaptive response, due to the use of lactate as a substrate for energy produc-
tion in organs like the brain and heart. During shock, as in exercise, myocardial 
lactate levels increase. Brain cells switch to lactate metabolism in case of 
increased metabolic demand. Moreover, septic shock is not the only category 
of shock in which lactate elevation has been proposed as a marker of prognosis 
and as a target for therapy. In trauma patients, lactate has been used as a prog-
nostic marker for mortality and massive bleeding, and as a target for resuscita-
tion and timing of surgery. Lactate trend was deemed more important than the 
lactate peak in trauma patients. The use of lactate trend to opt for damage 
control surgery versus early total care has been termed lactate-controlled early 
total care [29].

15.5  Non Hypoperfusion-Related Causes of Hyperlactatemia: 
Type B Hyperlactatemia

In a patient with hyperlactatemia, hypoperfusion and shock should be considered as 
the most frequent causes of the raised blood lactate, while several other causes of 
lactate elevation should be ruled out. Malignancy, seizures, shivering and intoxica-
tion lead to increased lactate levels. Those conditions were classically referred to as 
Type B hyperlactatemia and are reported in Box 15.1 [6].
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Box 15.1: Causes of Hyperlactatemia

Tissue dysoxia Other causes of lactic acidosis
Inadequate DO2 Adequate DO2

Septic shock Gut ischemia Metformin acidosis
Hemorrhagic shock Seizures Thiamine deficiency
Obstructive shock Hematological malignancies Intoxicationa

Hypovolemic shock β-adrenergic stimulation Hypothermia
Anemia Large quantities of Ringer’s lactate Dysfunction of 

mitochondrial chains
Hypoxia Liver failure Traumatic brain injury
Intoxicationa Shivering

aIntoxication may affect both oxygen delivery (DO2) and uptake

Lactate is increased in patients with traumatic brain injury (TBI), due to an 
increased release of lactate and various other mediators and a shift in cerebral 
metabolism. In a study by Ferreruela et al., peak lactate concentration after TBI was 
around 6.5 mmol/L [6].

Patients with diabetes may present with hyperlactatemia due to a direct increase 
in pyruvate production, or to the more frequent mechanism of biguanide toxicity. 
Diabetes has been defined as an independent risk factor for lactic acidosis [30].

Hematologic malignancies may be associated with lactic acidosis. The patho-
genesis of lactic acidosis in this setting is not well understood, but may be due to a 
shift toward aerobic glycolysis (the Warburg effect). Chemotherapy and tumor mass 
reduction generally resolve or reduce lactic acidosis in these patients [31].

Thiamine deficiency is another rare cause of lactic acidosis, which may be pres-
ent in hematologic patients or patients with malnutrition or on total parental nutri-
tion. Thiamine deficiency may lead to severe acidosis and mortality if not suspected 
and treated accordingly [32].

Acute liver failure, cirrhosis in critical illness and hepatic surgery have long been 
known to be sources of hyperlactatemia. The liver plays a crucial role in lactate 
metabolism, but it can transform to a lactate-producing organ in case of hypoxia or 
direct insult [33].

Studies have found an association between infusion of Ringer’s lactate and lactate 
levels. However, the rise in lactate is generally clinically insignificant. A massive 
infusion of Ringer’s lactate (60 mL/kg) was associated with an increase of 2.0 mmol/L 
of lactate levels in healthy patients undergoing gynecologic surgery [34].

15.6  The Prognostic Value of Lactate in ICU Patients

Since the early studies of the 1960s and 1970s [35, 36], blood lactate concentrations 
have been used extensively as a biochemical marker of damaged tissue perfusion in 
critically ill patients admitted to the intensive care unit (ICU). In 1965, Peretz et al. 
described a mortality rate of 100% when lactate levels exceeded 13.3 mmol/L in 
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patients with shock [37]. Regardless of the underlying mechanism, hyperlactatemia, 
and especially the persistence of hyperlactatemia during the ICU stay, remains a 
major negative prognostic factor in critically ill patients. In fact, a lactate level of 
>2 mmol/L at ICU admission or during the ICU stay was associated with mortality 
rates of up to 40% [38, 39], whereas values >10 mmol/L are associated with high 
mortality rates of 80% or more [3, 37, 40].

As general indications:

 1. the prognostic value is better for lactate than for pyruvate or the lactate/pyruvate 
ratio, suggesting that the complex mechanism associated with impaired cellular 
function during shock cannot only be explained by tissue hypoxia;

 2. progression of blood lactate concentrations has a better prognostic value than 
absolute baseline concentration at admission. In fact, persistent hyperlactatemia, 
increasing lactate levels and/or reduced lactate clearance [41] are consistently 
associated with a worse outcome [42].

The relationship between increased lactatemia and mortality in ICU patients was 
already reported more than 20 years ago by Bernardin et al. in a small cohort of ICU 
patients with septic shock. These authors reported 62% mortality for those patients 
with both a mean arterial pressure <85 mmHg and lactate >3 mmol/L [43]. More 
recently, Nichol et  al. assessed the relationship between ICU admission lactate, 
maximal lactate and time-weighted lactate levels and hospital outcome, by analyz-
ing the data of an intensive care database of 7155 consecutive critically ill patients 
admitted to the ICUs of four Australian university hospitals [3]. The authors reported 
that a lactate level >8 mmol/L and a peak of lactate >10 mmol/L were both associ-
ated with an ICU and in-hospital mortality rate of about 80% [3].

Haas et al. [40] studied, in a retrospective analysis, 400 patients with a serum 
lactate concentration of >10 mmol/L documented on at least one occasion (2.8% of 
the total ICU cohort admitted to a tertiary Dutch ICU during an observational period 
of 22 months). Patients with lactate levels >10 mmol/L had an ICU mortality of 
78.2% (compared to 9.8% of overall mortality) and in-hospital mortality of 78.5%. 
In the subgroup of 91 patients who had hyperlactatemia >10 mmol/L for more than 
24 h, ICU mortality was 95.6% and in the 53 patients who had this degree of hyper-
lactatemia for more than 48  h, ICU mortality was 100%. Interestingly, the area 
under the receiver operating characteristics curve (AUC) for prediction of ICU mor-
tality using the 12 h lactate clearance (calculated considering the blood lactate con-
centration 12 h after the first measurement of lactate >10 mmol/L) was 0.91 and, a 
threshold value of 12 h lactate clearance of 32.8% had a sensitivity of 89.6% and a 
specificity of 82.8% for predicting ICU mortality. By contrast, when severe hyper-
lactatemia had a reversible cause associated with a higher lactate clearance in the 
first 12 h, the ICU mortality was less than 25%.

The prognostic value of hyperlactatemia reported by Ferreruela et al. in a retro-
spective cohort study of patients admitted to a tertiary Spanish ICU was modest [6]. 
In the 1373 patients included, the AUC of lactate concentration and the optimal cut 
off to predict in-hospital mortality were 0.72 (0.70–0.75) and 8.6 mmol/L, respec-
tively, with a sensitivity of 59.9% and a specificity of 78.1%. Lactatemia >20 mmol/L 
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resulted in a mortality rate >80% [6]. Varis et al. reported comparable results in a 
post-hoc analysis of the FINNAKI study [44]. This study showed a 90-day mortality 
rate of 43.4% for the subgroup of patients admitted with a lactate level ≥2 mmol/L 
and 45.9% for a level ≥3 mmol/L, compared to 22.6% for those patients admitted 
with a lactate level <2 mmol/L. However, the sensitivity and specificity in predict-
ing the outcome were 67% and 56% for lactatemia ≥2 mmol/L and 49% and 71% 
for lactatemia ≥3 mmol/L [44].

15.7  Lactate as a Target for Resuscitation

Lactate-guided resuscitation has been included in sepsis guidelines [7]. While this 
approach may be useful in several situations, the systematic use of lactate to guide 
fluid therapy over the full course of ICU admission is increasingly questioned. In a 
randomized controlled study on lactate-guided therapy in patients with septic shock, 
patients treated according to lactate measurements had lower mortality and reached 
lower sequential organ failure assessment (SOFA) scores than controls. However, 
despite receiving more fluids and vasodilators, there was no difference in lactate 
levels in the two groups [45].

Lactate metabolism is not linear, as it exhibits two-phase kinetics. Hernandez 
and colleagues demonstrated that lactate levels decrease rapidly in the first 6 h of 
resuscitation in patients with septic shock, and distinguished two phases of flow-
responsive and flow-independent hyperlactatemia [46]. A similar pattern was shown 
for the capillary refill time and venous-to-arterial CO2 difference. In this study, 50% 
of patients reached normal lactate levels by 24 h. Of the 40 remaining patients, 24 
(60%) had normalized lactate at 48 h, and 16 (40%) by 48 h. The biphasic curve in 
lactate levels implies that resuscitation with fluids should not be continued until 
lactate normalizes. The second phase is more related to reduced lactate clearance 
than to lactate hyperproduction due to fluid hypoperfusion. Lactate levels should 
not be used as the sole target for fluid perfusion. Clinical variables, including capil-
lary refill time and diuresis, and metabolic targets (SvO2 and PCO2gap) should 
guide resuscitation in this setting [15].

More than lactate levels, physicians should target lactate trend when manag-
ing patients with shock. The normalization trend is more important than the 
absolute normal value. This strategy should be used to avoid over-resuscitation 
and detrimental fluid overload [46]. In a prospective study in critically ill 
patients, a lactate reduction >10% in the first two hours after emergency room 
admission predicted survival in patients with septic shock [47]. The ongoing 
ANDROMEDA-SHOCK randomized trial will determine whether perfusion-
targeted resuscitation is superior to lactate-guided resuscitation in patients 
enrolled in the early phase of septic shock [48]. A simple bedside measure such 
as capillary refill time may thus guide fluid resuscitation using a holistic view of 
reperfusion in place of targeting lactate levels, which are currently widely used 
but more challenging to interpret.
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15.8  Implications for Clinicians

Shock is a form of acute circulatory failure associated with the imbalance between 
oxygen delivery and systemic oxygen demand [15]. The first variable is defined as 
the product of oxygen content and cardiac output, whereas inadequate cellular oxy-
gen utilization derives from a tissue oxygen demand that exceeds the DO2 or to the 
cellular inability to use oxygen. This latter condition is due to mitochondrial dys-
function and deregulated cell-signalling pathways associated with multiple organ 
damage. In the last few decades, several hemodynamic tools, more or less invasive, 
have been developed in order to achieve a clear picture of macroscopic cardiovascu-
lar system function at the bedside. Assessment and monitoring of microscopic cel-
lular response to the unbalanced oxygen metabolism is still lacking.

Although serum lactate concentrations should not be considered a direct measure 
of tissue perfusion [11], they remain an easily achievable, cheap and well-validated 
surrogate of tissue hypoxia. Lactate levels should be measured and used to identify 
patients with adverse prognosis and need for ‘intensive’ care, either in the ICU or 
on the ward. They should prompt further measures to identify the cause of hyperlac-
tatemia, and monitoring of both lactate level and other markers of perfusion. When 
no other apparent cause of hyperlactatemia is identified (see Table 15.1), clinicians 
should consider hypoperfusion as the likely cause.

Lactate trend more than absolute lactate levels should then be considered as a 
target of resuscitation, with the object of achieving a reduction in lactate in the first 
hours. Afterwards, whether lactate should be used as a target for further resuscita-
tion is debated. Lactate should not be considered alone, but with other markers of 
hypoperfusion in critical care patients, including capillary refill time, SvO2, 
PCO2gap, and diuresis. These patients should benefit from hemodynamic monitor-
ing or repeated echocardiography.

As general indications, the literature agrees regarding two main issues:

 1. Even a small increase in lactate (i.e., >2–4 mmol/L) can indicate shock, which 
should be aggressively treated to obtain a reduction to normal levels in a few hours.

 2. The persistence of high values of plasma lactate in already resuscitated patients 
(i.e., >8–10 mmol/L after 24 h of intensive therapy, with the exception of some 
reversible conditions (such as post-cardiac surgical patients or seizures) is pre-
dictive of very poor outcome.

We propose a general algorithm to guide resuscitation in a patient with signs of 
hypoperfusion and elevated lactate levels (Fig. 15.1).

ICU patients showing no trend toward reduction of hyperlactatemia after initial 
resuscitation should be considered at risk of developing multiorgan failure, irre-
spective of the cause of shock. In this subgroup, continuous hemodynamic monitor-
ing can provide valuable information for functional hemodynamic assessment of 
fluid responsiveness and cardiac function. Echocardiography and hemodynamic 
monitoring can be used to monitor fluid responsiveness and perform a focused fluid 
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therapy strategy using fluid challenges when indicated (targeting predefined criteria 
and respecting strict safety limits). Cardiac function should also be monitored and 
the need for inotropic agents evaluated.

Whether extreme levels of lactate should be considered an additional indication for 
ending critical care therapy is unclear. The persistence of very high plasma lactate 
concentrations indicates the systemic impairment of oxygen utilization, often associ-
ated with unstoppable severe systemic acidosis and cardiovascular instability. This 
complex decision is usually based on multifactorial criteria including clinical judg-
ment of the underlying disease state, pre-admission frailty, daily clinical parameters 
and laboratory findings, information regarding presumed patient wishes and, finally, 
local directives and laws. Available observational data suggest use of lactate as an 
adjunctive criterion for considering withdrawal of intensive care support. However, 
the sensitivity and specificity of levels <8–10 mmol/L are too low to indicate progres-
sion to death, when used alone.

15.9  Conclusion

Lactate is a unique metabolite central to several metabolic processes in physiologi-
cal and pathologic states, and its elevation is clearly related to detrimental prognosis 
in critically ill patients. However, interpretation of lactate levels is not univocal, and 
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Fig. 15.1 Proposed flowchart for the management of patients with sepsis and hyperlactatemia. 
MAP mean arterial pressure, PPV pulse pressure variation, CRT capillary refill time, SVV stroke 
volume variation, ScvO2 central venous oxygen saturation, Hb hemoglobin, BE base excess, CI 
cardiac index, SaO2 arterial oxygen saturation, CvaCO2 central venous-arterial carbon dioxide
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lactate concentration should be monitored and prompt further evaluation if hyper-
lactatemia is detected. During resuscitation, lactate should be considered not as an 
absolute value, but as a trend, and should never be used alone as the sole indicator 
of perfusion or as the unique target for patient therapy. We propose a comprehensive 
algorithm that can be used to guide resuscitation. In case of lactate elevation, clini-
cians should start comprehensive evaluation of other markers of hypoperfusion, 
including capillary refill time, SvO2, and PCO2gap, with timely initiation of hemo-
dynamic monitoring and goal-directed therapy using both static and dynamic indi-
ces of fluid responsiveness.
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16Continuous Non-invasive Monitoring 
of Cardiac Output and Lung Volume 
Based on CO2 Kinetics

F. Suarez-Sipmann, G. Tusman, and M. Wallin

16.1  Introduction

The gas exchange properties of the lung have long been known to theoretically sup-
port the non-invasive measurement of cardiac output and lung volume [1]. Methods 
based on carbon dioxide (CO2) elimination kinetics are among the first and most 
extensively studied [2]. From a clinical perspective, they are also the most attractive 
not only because of the particular physiologic and physical-biochemical character-
istics of CO2, but also because of its universal availability. Furthermore, CO2-based 
methods are perfectly adaptable to clinical simplified measurement devices and 
modern intensive care unit (ICU) equipment such as mechanical ventilators or anes-
thesia machines. In this chapter, we will review characteristic features of CO2 kinet-
ics and its measurement and present a novel capnodynamic method for the 
continuous and non-invasive measurement of end-expiratory lung volume and 
effective pulmonary blood flow.
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16.2  Carbon Dioxide Kinetics

CO2 is the principal catabolite of aerobic metabolism and is produced continuously 
in large amounts daily. Its level in blood and body fluids depends on the equilibrium 
between production and elimination. There is a continuous body gradient of CO2 
from its site of production, the mitochondria, to the expired gas at the airway open-
ing [3]. Once produced, it diffuses out of the cell and is collected by the microcircu-
lation and transported via the bloodstream mainly as bicarbonate (HCO3

−), to the 
right heart that distributes it through the lungs (i.e., pulmonary blood flow) in an 
amount equal to total cardiac output. When it reaches the pulmonary capillary net-
work, the hemoglobin-bound carbonic anhydrase catalyzes the release of CO2 that 
then diffuses to the ventilated alveoli that are perfused, entering the alveolar gas and 
finally being eliminated by alveolar ventilation to the atmosphere.

CO2 kinetics can be evaluated in steady-states, when CO2 output equals produc-
tion, or non-steady states as, for example, during hemodynamic or ventilatory 
changes. Its dependence on the mentioned physiological processes, its blood solu-
bility and transport particularities, its availability and ease of measurement, its high 
diffusivity and necessary total elimination by the lungs are special features that give 
this gas unique properties to be used as a tracer for physiologically and clinically 
relevant processes.

16.3  Antecedents of CO2-Based Cardiac Output Methods

All gas exchange methods to calculate cardiac output are based on the conservation 
of mass represented by the classical Fick principle [4], which in its form for CO2 can 
be written as:

 
Q VCO CvCO CaCO= ( )2 2 2/ -  (16.1)

where Q is the cardiac output that when measured by expired CO2 kinetics is referred 
to as effective pulmonary blood flow (COEPBF), VCO2 the minute production of CO2 
(mL/min) and CvCO2 and CaCO2 the mixed venous and arterial contents of CO2, 
respectively. Strictly speaking, COEPBF refers to the non-shunted portion of cardiac 
output that in normal physiological conditions approximates total cardiac output.

As for oxygen, the mixed venous content of CO2 can traditionally only be mea-
sured invasively by means of a pulmonary artery catheter (PAC), which imposes 
obvious limitations for the clinical application of the Fick principle. In the last few 
decades, several methods to estimate CvCO2, such as breath-holding, single breath 
and rebreathing maneuvers, have been described [5, 6]. However, they never suc-
ceeded as clinical methods because of their dependency on extra equipment and/or 
cumbersome measurement procedures.

Several later developments have opened the clinical door to CO2-based methods 
of monitoring COEPBF. First, as most diatomic gases, CO2 absorbs infrared radiation 
and can thus be easily recorded at the airway opening. Infrared sensor technology 
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was soon developed and light, easy to use mainstream infrared CO2 sensors became 
available at the bedside [7]. As a consequence, capnography, the graphical display 
of measured expired CO2, was rapidly adopted as a monitoring standard. 
Capnography can be performed in either time or volume domains, resulting in time 
or volumetric capnography, respectively. Time capnography is by far the most 
widely used in clinical practice. Volumetric capnography is, however, a more attrac-
tive and complete monitoring option. It requires the simultaneous recording of expi-
ratory CO2 and flow and, therefore, the CO2 sensor must be mounted and integrated 
on a flow sensor at the airway opening. The result is the volumetric capnogram: the 
plot of the amount of CO2 expired in one tidal breath. The development of volumet-
ric capnography [8] made non-invasive breath-by-breath VCO2 measurement, 
together with end-tidal PCO2 (PETCO2) and mixed expired CO2 available.

Second, the impossibility of measuring CvCO2 was elegantly circumvented by 
Gedeon et al. who introduced the differential Fick method (Eqs. (16.2) and (16.3)) 
[9]. By inducing a change in VCO2 and CaCO2 without affecting CvCO2, Gedeon 
et al. reasoned that the denominator of Fick’s equation could theoretically be solved.

CO VCO VCO CvCO CaCO CvCO CaCOEPBF b a b a
= [ ] [ ][ ] [ ] [ ] [ ]2 2 2 2 2 2- - - -/  (16.2)

Such a change creates two distinct situations, denoted with the subscripts a and b 
in Eq. (16.2), resulting in a ΔCaCO2 and ΔCvCO2. Provided CvCO2 remains con-
stant during the measurement period, it can then be eliminated from the 
denominator.

Third, since CO2 content is difficult to measure it can be substituted by its partial 
pressure according to Henry’s law of solubility that relates the content of a gas in a 
fluid to its partial pressure times its solubility constant [3]. Although not a trivial 
calculation, Capek and Roy proposed a robust approximation based on the slope of 
the CO2 dissociation curve to estimate CO2 solubility [10]. The final simplified 
expression for the calculation of pulmonary blood flow then becomes:

 CO VCO SCO PCOEPBF = D D2 2 2/ •  (16.3)

where the ΔCvCO2 of the previous equation is substituted by SCO2, the solubility 
constant of CO2 times arterial PCO2. Arterial PCO2 can under most circumstances 
be considered to be close to the alveolar PCO2 (PACO2) after capillary transit equili-
bration. To get rid of the need to obtain an arterial blood gas sample, Gedeon et al. 
proposed using PETCO2, which is easily obtained by expired gas analysis, to esti-
mate arterial PCO2. This is based on the assumption that the end-tidal gas is com-
posed exclusively by alveolar gas, thus providing a good estimate of PACO2.

The fourth important step necessary for CO2 methods to become clinically avail-
able was to find suitable ways to introduce a perturbation capable of modifying 
alveolar ventilation in order to induce the necessary changes in VCO2 and PACO2 
without affecting CvCO2 during the measurement period. In their early work, 
Gedeon et al. proposed modification of the mechanical ventilation breathing pattern 
by introducing variable inspiratory pauses while maintaining constant tidal volume 
and active inspiratory and expiratory times [9]. This led to alterations equivalent to 
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changes in minute ventilation producing rapid modifications in PETCO2 and VCO2. 
However, the first method that became clinically available proposed the intermittent 
addition of an in-series or in-parallel instrumental dead space, a variable volume 
rebreathing loop, inserted in the breathing circuit close to the Y piece [11]. The first, 
and to date only, clinically available non-invasive CO2 cardiac output monitor, the 
NICO-NM3 monitor (Respironics-Philips, Wallingford, Connecticut, USA) is 
based on this partial rebreathing principle. An automated valve intermittently opens 
a parallel rebreathing circuit increasing instrumental dead-space and reducing alve-
olar ventilation resulting in a transient reduction in VCO2 and increase in PETCO2 
that normalizes once the valve closes the rebreathing circuit [12]. It delivers inter-
mittent COEPBF values because an entire measurement cycle, from rebreathing to 
stabilization, takes around 4 min.

The technological evolution of modern mechanical ventilators and anesthesia 
machines with tight microprocessing electronic control has opened new possibili-
ties to introduce automated non-invasive CO2-based cardiac output methods into the 
operating room and ICU. Peyton introduced the capnotracking method in which 
perturbations are automatically induced by ventilator changes in the respiratory rate 
and inspiratory-expiratory ratio that result in suitable changes in tidal volume [13]. 
This method has been recently refined using an oscillating pattern of respiratory rate 
variation resulting in a fully automated and continuous COEPBF measurement [14].

16.4  The Capnodynamic Method

Based on the principles outlined above, recently a novel capnodynamic method that 
delivers continuous and non-invasive COEPBF and CO2−based end-expiratory lung 
volume (EELVCO2

) has been described [15]. As for all other CO2-based methods, 
expired CO2 is measured at the airway opening using conventional infrared sensing 
technology whereas the integrated gas flow is measured by the flow sensor in the 
ventilator. Both measurements are needed to solve the capnodynamic equation, 
which follows the mole balance principle for CO2 in the lung.

EELV FACO FACO CO t CvCO CcCO VTCOCO EPBF
n

n n n n
2

12 2 2 2 2
• • •- D - --( )= ( )  (16.4)

where EELVCO2
 is the end-expiratory lung volume containing CO2, FACO2

n the 
alveolar fraction of CO2 of the nth breath, FACO2

n−1 the alveolar fraction of CO2 of 
the preceding breath, COEPBF the effective pulmonary blood flow (the non-shunted 
blood fraction of cardiac output), Δtn the duration of the nth respiratory cycle, 
CvCO2 and CcCO2 the central venous and capillary mixed venous content of CO2, 
respectively, and VTCO2

n the volume of CO2 eliminated by the nth breath. The left 
side of the equation describes the tidal difference in the lung’s CO2 content between 
two consecutive breaths, whereas on the right side, the first term reflects the amount 
of CO2 supplied to the lung by the blood stream and the second, VTCO2

n, is the 
amount of CO2 eliminated from the lung by the ‘nth’ current breath. As for the dif-
ferential Fick principle, CcCO2 is substituted by the partial pressure but with a 
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substantial change: the capillary partial pressure of CO2 is not estimated by PETCO2 
but by measured PACO2. This value is obtained from the mid-portion of phase III of 
the volumetric capnogram as recently described by Tusman et al. [16]. The pertur-
bation used by the capnodynamic method consists in a minimally modified breath-
ing pattern applying a repetitive sequence of nine breaths, in which in its latest 
version [17], short expiratory holds are added to the last three breaths (Fig. 16.1).
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That the differential Fick principle solves CvCO2 as constant values can be 
reasonably assumed [10]. In the capnodynamic algorithm, the complete measure-
ment cycle of nine breaths creates a set of nine equations with three unknowns 
where the latest breath continuously replaces the oldest one. For each new breath, 
the equation system is solved by numerical means, where the constant values for 
the three unknowns for the entire cycle which gives the best fit for the three 
unknowns are used.

The capnodynamic method has several theoretical advantages. It can be deliv-
ered fully automatically without any additional equipment other than a standard 
CO2 sensor and a conventional mechanical ventilator or anesthesia machine. It pro-
vides non-invasive true continuous breath-by-breath estimates of cardiac output and 
end-expiratory lung volume at the bedside. The breathing pattern minimally inter-
feres with the one selected by the physician. As it maintains constant tidal volume 
and inspiratory time it does not modify inspiratory pressures and by using expira-
tory instead of inspiratory holds minimizes the time on higher airway pressure, 
which reduces the effect on capillary blood flow and alveolar delivery of CO2. 
Finally, the pattern results in improved CO2 elimination avoiding undue increases in 
PaCO2 as produced by the partial rebreathing method. During an expiratory hold, as 
described for an inspiratory hold [18], more time for CO2 diffusion is provided, 
producing a small but sufficient increase in alveolar CO2. This increase moves the 
stationary front between airway diffusive and convective CO2 transport towards the 
airway opening resulting in transient reduced airway dead space and increased 
VCO2 (Fig. 16.1).

The method, however, requires a passively breathing patient because the algo-
rithm needs a constant breathing pattern. As for all other CO2 based methods, 
COEPBF and EELVCO2 are affected by the ventilation-perfusion status of the lung and, 
in conditions of increased shunt or alveolar dead space, both values divert from 
cardiac output and functional residual capacity (FRC) or EELV as will be discussed 
in the next sections.

16.5  Capnodynamic Monitoring of Effective Pulmonary 
Blood Flow

Cardiac output continues to be the most important monitoring parameter in hemo-
dynamically unstable patients as the main goal of any management strategy is to 
preserve tissue/organ perfusion by ensuring adequate oxygen delivery [19, 20]. In 
recent years a myriad of new minimally invasive cardiac output monitoring options 
have been developed and become available to the clinician [21]. This has, however, 
not resulted in a more widespread adoption of cardiac output monitoring and recent 
reports estimate that it is used in less than 35% of patients in the perioperative set-
ting [22]. Concerns regarding reliability, accuracy and precision of the new mini-
mally invasive methods as well as the fact that most of these new monitoring options 
need extra new stand-alone devices and disposables with associated extra costs are 
probably partially behind the reasons for this lack of adoption.
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16.5.1  CO2-Based Methods

As explained previously, pulmonary perfusion transports all metabolically produced 
CO2 to the gas exchange units. Not surprisingly, a direct relationship between pul-
monary blood flow and VCO2 has been consistently demonstrated in mathematical 
models [23], and in animal [24] and human studies [25]. Therefore, qualitative 
information regarding COEPBF can be obtained by simple visual inspection of real 
time changes in expired CO2. The quantitative estimation constitutes the theoretical 
basis of CO2 cardiac output methods.

From all minimally invasive cardiac output monitoring techniques, CO2 based 
methods, which are in fact truly non-invasive, have been the most extensively stud-
ied and scrutinized in experimental and clinical validation studies in different popu-
lations of patients and conditions [2, 26]. In general, in all clinical studies the 
methods were compared to PAC thermodilution, still the reference method despite 
its invasiveness and its rather moderate precision and accuracy with percentage 
errors (i.e., normalized limits of agreement [LoA]) of up to 45% instead of the gen-
erally 30% benchmark limit of acceptability. Overall, taking these limits into 
account, clinical validation studies have yielded similar values of accuracy and pre-
cision for the rebreathing method with averaged bias of −0.05 and precision of 
1.12 L/min and a percentage error of ±44% [26] and the capnotracking method [27] 
with better results for its recently improved version with a bias of −0.3 L/min, and 
a percentage error of ±38%, when compared to PAC thermodilution [14].

16.5.2  The Capnodynamic Method

The COEPBF obtained using the capnodynamic method has been validated experimen-
tally and most recently in pediatric patients [28]. Experimental validations have been 
based on porcine models in which severe challenges, such as large changes in cardiac 
output, shock [15], acute lung injury [29], hypercapnia and ischemia/reperfusion [30] 
were tested. In addition, two different breathing patterns, using inspiratory [15] or 
expiratory holds [17], have been compared, in favor of the latter. All experimental 
validations were made with the direct measurement of cardiac output at the origin of 
the pulmonary artery by means of an ultrasonic flow probe, a standard experimental 
reference, and comparative statistical analysis was performed following current meth-
odological recommendations [31]. Overall the method resulted in a good agreement 
and trending ability as determined by the 4-quadrant plot analysis and compared well 
to the clinical thermodilution methods. Accuracy and precision (bias and 95% LoA) 
and mean percentage error were 0.2 (−1.1 ± 1.2) L/min and 47% for the inspiratory 
hold pattern [15] and 0.05 (−1.1 ± 1.2) L/min and 36% for the expiratory hold pattern 
[17] with modifications under the different experimental conditions. In general, a 
higher bias at low cardiac output of 0.4 L/min and a lower bias −0.1 but larger LoA 
(−1.2 to 1.1) at high cardiac output conditions were obtained for the inspiratory hold 
pattern, whereas a higher bias and LoA up to −0.3 to 0.2 (−2 to 1.4) and an increase 
of the percentage error to 41% at higher positive end-expiratory pressure (PEEP) 

16 Continuous Non-invasive Monitoring of Cardiac Output and Lung Volume Based…



222

levels and high cardiac output conditions were obtained for the expiratory hold pat-
tern. In the lung injury model with shunt fractions up to 36%, bias, LoA and percent-
age error of (uncorrected) COEPBF deteriorated from 0.2 (−1.1 to 1.5) L/min and 35% 
to −0.9 (−3.6 to 1.9) and 70% before and after inducing lung injury, respectively. In 
all studies and evaluated conditions, COEPBF demonstrated an excellent trending abil-
ity with concordance rates consistently >85% and frequently close to 100%.

Clinically, COEPBF has been compared to suprasternal two- dimensional Doppler 
cardiac output in children (median 8.5 months, 8.3 kg) undergoing cleft- lip- palate 
repair surgery [28]. The protocol included small increases in PEEP and an atropine-
induced increase in cardiac output. The overall bias was −8.3 mL/kg/min with 95% 
LoA of −82 to 60 mL/kg/min, a mean percentage error of 49%, and a concordance 
rate of 64%. These accuracy and precision values were, however, not as good as 
expected. The authors reasoned that this was in part due to limitations of the reference 
method as it had a three-time worse inherent precision than COEPBF, and failed to track 
the reduction of cardiac output at higher PEEP levels. Their assumption was con-
firmed in an additional experiment in which the protocol was applied in piglets, which 
resulted in a minimal bias of −1 mL/kg, a percentage error of 31% and a concordance 
of 95% [28]. In a more recent clinical evaluation including adult patients during car-
diac surgery under routine anesthetic management, COEPBF was compared to transpul-
monary thermodilution resulting in a bias of 0.63, a percentage error of 34% and a 
concordance rate of 81% (unpublished data). Figure 16.2 illustrates an example of the 
performance of COEPBF and its trending ability in one of the studied patients.

As mentioned earlier, all CO2 based methods estimate effective pulmonary blood 
flow, which is the non-shunted fraction of cardiac output. The correspondence with 
total cardiac output is therefore dependent on the ventilation-perfusion status of the 
lung. Accordingly, in conditions of increased shunt or alveolar dead space, total 
cardiac output will be underestimated by COEPBF. This problem can be handled in 
three ways: first, by the use of shunt correction methods. The rebreathing method 
implemented in the NICO monitor uses the oxygen saturation obtained by pulse- 
oximetry together with the inspiratory oxygen fraction value, to estimate shunt from 
the iso-shunt diagram [3]. The capnotracking method incorporates a minimally 
invasive estimation of shunt obtained from combining the shunt and the Fick equa-
tions where shunt can be solved by the measurement of oxygen uptake and pulmo-
nary blood flow [32]. Finally, if lung function is optimized by lung recruitment and 
best PEEP selection, shunt can be minimized and the COEPBF then becomes closer to 
total cardiac output. In fact, cardiac output underestimation is of little importance 
when shunt values are ≤20% [29].

Second, COEPBF can be handled as an independent physiological variable that 
can be very relevant in patients receiving mechanical ventilation. This was 
already suggested by Gedeon et al., who analyzed the use of COEPBF to adjust the 
level of PEEP in a small group of patients with acute respiratory failure [33]. 
They found that COEPBF yielded PEEP levels similar to those suggested by best 
oxygen delivery. Third, even when COEPBF absolute values are not that close to 
total cardiac output, the repeatedly demonstrated capacity of maintaining a 
good trending ability under challenging conditions including shock and 
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experimental acute lung injury, is clinically useful to rapidly detect relevant 
cardiac output changes under routine continuous monitoring.

16.6  Capnodynamic Monitoring of End-Expiratory Lung 
Volume

FRC corresponds to the lung volume found at end- expiration when lung and chest-
wall elastic and recoil forces equilibrate at the respiratory system’s resting position. 
The physiological importance of FRC derives from the fact that it represents the 
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volume of gas participating in oxygenation and CO2 elimination and that it strongly 
influences the mechanical properties of the lung such as compliance and resistance 
[34].

From a pathophysiological perspective, FRC is of great relevance in mechanically 
ventilated patients because it is universally decreased due to lung collapse and 
increased elastic recoil. Lung collapse is one of the major contributors to reduced 
FRC, reaching values up to 10–15% during anesthesia [35] and 40% in severe acute 
respiratory distress syndrome (ARDS) [36, 37]. Collapse has an important role in the 
development of ventilator-induced lung injury (VILI), acting as a stress raiser by 
increasing lung heterogeneity, leading to amplifications of regional strain. In addition, 
the resultant decrease in the size of the functional lung increases the stress forces act-
ing on the ventilated lung, which is expressed mechanically as a low compliance and 
higher levels of inspiratory driving pressure for a given delivered tidal volume.

Because of the use of PEEP during mechanical ventilation, FRC is generally 
referred to as EELV to account for this level above normal atmospheric pressure and its 
resultant increase in lung volume. Despite its pathophysiological relevance, measure-
ment of FRC is rarely performed in the ICU [38]. Clinical FRC/EELV measurement 
has traditionally been difficult because the available methods are either logistically 
challenging, such as body plethysmography or cumbersome requiring additional com-
plex-to-handle equipment, such as the inert-gas dilution and multiple breath washout 
techniques using gases such as helium, nitrogen, argon or sulfur-hexafluoride.

Imaging techniques, computed tomography (CT)-scan and magnetic resonance 
imaging (MRI) provide accurate estimates of absolute EELV but have evident prac-
ticality limitations. In current clinical practice, there are essentially two methods in 
use. One is electrical impedance tomography (EIT), a novel functional imaging 
monitoring technique that provides useful continuous relative EELV trending but 
does not estimate absolute values [39]. The other technique is a simplified inert-gas 
method based on multiple nitrogen wash in/out [40]. This fully automated method 
is based on the measurement of oxygen consumption and CO2 production and does 
not need patient disconnection from the breathing circuit. However, it requires 
changes in the inspiratory fraction of oxygen and delivers intermittent measure-
ments as it takes at least 4–5 min to obtain a value. It is also available in only one 
type of mechanical ventilator.

16.6.1  CO2-Based EELV

Given the kinetics described for CO2 and the characteristics of its simplified mea-
surement there has been a growing interest in the development of CO2-based meth-
ods to estimate EELV. Brewer et al. described a CO2 wash-in method to measure 
FRC using the partial rebreathing principle [41]. By taking the first breath of the 
rebreathing period and measuring end-tidal PCO2 and VCO2, they proposed a 
method to calculate EELV. The method assumes that CO2 elimination is at steady 
state during baseline before rebreathing and that the measured expired VCO2 equals 
the volume of CO2 eliminated from the blood. They added a correction factor to 
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account for the volume of CO2 stored in the lung tissue and the capillary blood due 
to its solubility as suggested by Gedeon et al. [42]. In an experimental validation, 
the CO2 wash-in method resulted in an accuracy of −87 mL with LoA of ±258 mL 
in normal lungs and of −77 mL ±276 in injured lungs. Using the same principle as 
the rebreathing method implemented in the NICO-NM3 monitor, this method is 
totally non-invasive being able to deliver intermittent (every 3–4 min) FRC values.

16.6.2  Capnodynamic EELV

As anticipated from Eq. (16.4), EELVCO2
 can be solved together with COEPBF using 

the capnodynamic method. A first experimental validation by Albu et al. [43] com-
pared EELVCO2

 with the helium dilution technique in healthy and lung injured 
rabbits. The authors observed good agreement between methods when animals were 
ventilated at different levels of PEEP with a mean bias of 24.8  ±  15  mL and 
6.5 ± 14 mL with LoA of ±31 mL and ±29 mL in healthy and injured lungs, respec-
tively. The difference between methods was higher at zero PEEP but became similar 
when PEEP was increased. This observation was not reproduced in larger animals 
(pigs) [44]. The authors hypothesized that as they did not add a correction factor as 
in the rebreathing method, such differences at low PEEP were due to the high solu-
bility of CO2 compared to the inert gases, so that EELVCO2

 included the CO2 in the 
capillary blood and dissolved in lung tissue [41, 42]. Accordingly, at low PEEP 
levels, the capillary volume is larger [45] and more CO2 is dissolved in the lung tis-
sue explaining the difference.

As CO2 kinetics is highly dependent on pulmonary blood flow, hemodynamic 
changes can affect EELVCO2

. Hällsjö Sander et al. tested this hypothesis in an experi-
mental study in which animals were subjected to large decreases and increases in 
pulmonary blood flow [44]. EELVCO2

, compared to the sulfur-hexafluoride wash-in/
wash- out method, remained stable despite the profound changes in lung perfusion. 
As for COEPBF, EELVCO2

 demonstrated an excellent trending ability with concor-
dance rates of 100%. This finding supports the suggestion that EELVCO2

 and COEPBF 
behave independently within the capnodynamic equation.

As for COEPBF, EELVCO2
 measurement is affected by metabolism and lung perfu-

sion (which are assumed to be stable during each measurement), as opposed to meth-
ods using insoluble inert-gases. This dependency can be regarded as a disadvantage or 
as an advantage depending on the intended clinical use of EELVCO2

. From a strictly 
anatomical point of view, EELVCO2

 will tend to overestimate EELV especially at low 
levels of PEEP. However, from a functional point of view, EELVCO2

 represents the 
volume participating in gas exchange. In fact, EELVCO2

 can be considered the func-
tional (i.e., effective) lung volume, which may offer more relevant information in ven-
tilated patients, such as the evaluation of a response to PEEP. For example, it may be 
used to monitor recruitment and de- recruitment phenomena and more importantly dis-
criminate whether an increase in EELV in response to PEEP is due to a recruitment 
effect or merely an overinflation of already aerated units, something that conventional 
EELV methods cannot differentiate.
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The unprecedented possibility to continuously and non-invasively monitor 
EELVCO2

 opens interesting new options for bedside assessment of a patient’s con-
dition. We have already mentioned the importance of collapse in VILI so that 
EELVCO2

 can become a useful parameter to titrate the level of PEEP and monitor 
VILI especially when combined with other bedside parameters. Figure 16.3 illus-
trates one example in which EELVCO2

 was used in combination with respiratory 

45

40

35

30

25

15

5

0

20

10

70

60

50

40

30

20

10

0

Time

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0

P
E

E
P

C
dy

n 
(m

L/
cm

H
2O

)
E

E
LV

C
O

2
 P

pl
at

 (
cm

H
2O

)

Fig. 16.3 CO2-based end-expiratory lung volume (EELVCO2
) trend and behavior during titration 

of positive end-expiratory pressure (PEEP). Real-time, breath-by-breath trend of measured 
EELVCO2

 during a recruitment maneuver and decremental PEEP titration in a morbidly obese 
patient. The arrow marks the onset of lung collapse according to the respiratory dynamic compli-
ance and the vertical dotted line the PEEP level at which the lung stays open. Notice how 
EELVCO2

 follows the behavior of lung compliance, starting to decrease once the lung has started 
to collapse, highlighting its close correspondence with functional lung volume
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system compliance during a PEEP titration trial after recruitment. Recently the con-
cept of lung strain was introduced to provide a better mechanistic view of VILI [46]. 
Strain refers to the cyclic deformation of lung tissue during tidal inflation and is 
clinically calculated as the ratio between tidal volume and EELV as proposed by 
Gonzalez-López et al. [47]. Due to the mentioned limitations to the measurement of 
EELV, strain can only be measured intermittently, limitations that could be over-
come by EELVCO2

 thus providing the possibility to analyze its response to changes 
in ventilatory settings and gain new insight into its importance and clinical useful-
ness. EELVCO2

 could also be a useful tool to analyze and monitor the effect of 
postural changes during surgery or ICU management including prone positioning 
whose physiological effects are still not completely understood.

16.7  Conclusion

In this chapter, we present a novel non-invasive and continuous capnodynamic 
method for monitoring effective pulmonary blood flow and EELV based on CO2 
kinetics. Experimental and initial clinical validations have confirmed that COEPBF 
and EELVCO2

 are reasonable estimates of cardiac output and EELV with an accept-
able accuracy and precision even in challenging clinical conditions. More impor-
tantly, both parameters consistently demonstrated an excellent trending ability when 
compared with reference methods. The method is minimally invasive and fully 
automated, being integrated into conventional ventilators and thus not requiring any 
additional equipment. It therefore offers the unprecedented possibility to continu-
ously monitor these two highly relevant physiologic parameters in many patients. 
Clinical validation studies addressing different populations of postoperative and 
critically ill patients are needed to further establish the role of this promising moni-
toring method.
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17Should We Abandon Measuring SvO2 
or ScvO2 in Patients with Sepsis?

J.-L. Teboul, X. Monnet, and D. De Backer

17.1  Introduction

The mixed venous oxygen saturation (SvO2) has been used to assess the adequacy 
of oxygen delivery (DO2) to oxygen consumption (VO2). Since central venous cath-
eters (CVCs) are now more often inserted than pulmonary artery catheters (PAC) in 
critically ill patients, central venous oxygen saturation (ScvO2) has been proposed 
as a substitute for SvO2. In 2001, Rivers et  al. proposed a step-by-step strategy 
called early goal-directed therapy (EGDT) that aimed at normalizing the ScvO2 
within the first 6 h of resuscitation of patients with severe sepsis or septic shock [1]. 
A single-center randomized controlled trial (RCT) showed that application of 
EGDT significantly decreased mortality in comparison with a control group, in 
which ScvO2 was not used [1]. Following the publication by Rivers et al. [1], EGDT 
was endorsed by the Surviving Sepsis Campaign (SSC) in 2004 [2]. More recently, 
three multicenter RCTs (ProCESS [3], ARISE [4] and ProMISe [5]) compared 
EGDT (using ScvO2) to standard care (with no use of ScvO2). In none of these trials 
did EGDT show any benefit in terms of outcome, as confirmed by a meta-analysis 
[6]. Differences between the trials (design/study population/management of the 
control group/general management of patients with sepsis) may have contributed to 
the divergent results of these trials [7]. Nevertheless, the SSC experts removed 
ScvO2 (and SvO2) from the recommendations of the most recent version of the SSC 
guidelines [8]. While targeting specific predefined values in all patients may be 
questioned, it is probably unwise to neglect the potential interest of measuring 
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SvO2/ScvO2 in patients with sepsis. In this chapter, we discuss why there is still a 
place for the measurement of SvO2 or ScvO2 in patients with sepsis.

17.2  Physiological Determinants and Clinical Interpretation 
of SvO2

The blood flowing through the pulmonary artery is the average of all the venous 
returns of the body. According to the Fick equation applied to oxygen, and assuming 
that the mixed venous blood oxygen content is linearly correlated with SvO2, SvO2 
is related to arterial oxygen saturation (SaO2), VO2, cardiac output and hemoglobin 
concentration (Hb) as follows:

 
SvO SaO VO cardiac output Hb2 2 2 13 4= ´ ´( )éë ùû- / .  

The SvO2 is thus an integrative variable that reflects the balance between DO2 and 
VO2 as cardiac output, Hb and SaO2 are the major determinants of DO2. In healthy 
subjects at rest, the value of SvO2 ranges from 70 to 75%. The SvO2 is the result of 
complex interactions between its four major determinants, each of which may be 
altered by the disease process, compensatory mechanisms and, sometimes, thera-
peutic agents. For example, cardiac output should increase in face of hypoxemia or 
anemia and should decrease after their correction. Thus, SvO2 can be unchanged or 
change less than either of its determinants.

According to the simplified Fick equation mentioned above, SvO2 approximately 
equals SaO2—(VO2/DO2) and thus equals SaO2 – oxygen extraction ratio, as the 
oxygen extraction ratio represents the VO2/DO2 ratio. When SaO2 is close to 1 (i.e., 
100%), an event that occurs very often in critically ill patients, SvO2 approximately 
equals 1 – the oxygen extraction ratio and thus, except in cases of very severe 
hypoxemia, SvO2 can serve as a reflection of the oxygen extraction at the time it is 
measured.

A low SvO2 indicates that oxygen extraction has increased to attempt to make the 
VO2 match the global oxygen demand. This can occur in cases of a decrease in DO2 
(low cardiac output, anemia insufficiently compensated by elevation of cardiac out-
put), or an increase in oxygen demand (insufficiently compensated by an elevation 
of cardiac output), or both. If, despite adaptive mechanisms, VO2 does not match 
oxygen demand, tissue hypoxia occurs [9]. There are two important points to recog-
nize. First, SvO2 begins to decrease immediately when DO2 decreases, so that a low 
SvO2 does not indicate tissue hypoxia. Second, there is no unique ‘critical’ value of 
SvO2 below which tissue hypoxia starts to develop, as SvO2 depends on many fac-
tors [9]. As an example, a SvO2 of 55% can be encountered in chronic heart failure 
patients with low cardiac output but without shock due to development of strong 
compensatory mechanisms aimed at increasing oxygen extraction capacities and 
maintaining VO2 at the level of oxygen demand [10]. On the other hand, for similar 
levels of Hb and SaO2, a SvO2 of 55% can be associated with severe acute cardio-
genic shock, where compensatory mechanisms either have no time to develop or are 

J.-L. Teboul et al.



233

partly altered due to associated inflammation. In the latter case, treatment aimed at 
increasing cardiac output is mandatory.

Conversely, a higher than normal SvO2 means that oxygen extraction has 
decreased due either to an increase in DO2 with unchanged VO2 or more often a 
decrease in VO2 with maintained or increased DO2. This latter situation is encoun-
tered in hyperdynamic shock states where the decrease in VO2 does not result from 
a fall of DO2 below its critical level but rather from severely altered oxygen extrac-
tion capacities [11].

17.3  Interpretation of ScvO2

ScvO2 has progressively replaced SvO2 over recent years for at least two reasons: 
the decline in use of the PAC and, as mentioned earlier, the endorsement by the SSC 
[2] of the EGDT proposed by Rivers et al. [1], where ScvO2 was the most important 
target for resuscitation. It has to be noted that in the Rivers’ trial, ScvO2 was con-
tinuously monitored with a fiberoptic probe placed in the superior vena cava terri-
tory [1]. Physiologically, ScvO2 is expected to be a little lower than SvO2 mostly 
related to the influence of the renal circulation. However, in critically ill patients, 
ScvO2 is more frequently higher than SvO2 [12–17], due to a higher rate of oxygen 
extraction by the myocardium or the splanchnic area [18] than by organs draining 
into the superior vena cava. Nevertheless, several studies have reported low percent-
age errors between the variables [12, 13], although divergent results have also been 
reported [15–17]. Importantly, changes in ScvO2 and in SvO2 have generally been 
shown to correlate well [13, 14] although not identical, suggesting that monitoring 
ScvO2 can be a reasonable surrogate for SvO2 especially when the latter cannot be 
obtained.

17.4  Usefulness of ScvO2 in Sepsis: A Debatable Issue

As mentioned ealier, targeting ScvO2 was integrated in the EGDT algorithm that 
demonstrated benefits on outcome in the pivotal study by Rivers et  al. [1]. 
Consequently, targeting ScvO2 >70% in the initial hemodynamic resuscitation of 
patients with severe sepsis or septic shock has for a long time been a strong recom-
mendation of the SSC. However, since the three large multicenter RCTs (ProCESS, 
ARISE, ProMISe) [3–5] showed no outcome benefit with EGDT in patients with 
early septic shock, the recommendation to target ScvO2 has been totally removed 
from the most recent SSC guidelines. Thus, after being idolized for more than 10 
years, measuring ScvO2 in sepsis has now fallen into total disgrace. As with many 
issues in the management of critically ill patients, the truth is probably between 
idolatry and disgrace and we think that measuring SvO2 should not be totally aban-
doned. The arguments supporting that position are developed below.

The populations included in ProCESS [3], ARISE [4] and ProMISe [5] were far 
different from that included in the Rivers’ study [1], in which patients were sicker 
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as illustrated by higher severity scores at inclusion, the higher number of patients 
with comorbidities and the higher mortality rate in the standard care arm (57% vs. 
about 30% in ProCESS and ProMISe and less than 20% in ARISE). Even more 
importantly, the average value of ScvO2 at the time of inclusion was very different 
in the three multicenter RCTs (above 70%) and the Rivers’ study (about 48%). 
These striking differences can be explained by differences in the main mechanism 
responsible for shock and/or the treatments already received before inclusion. Data 
reported by Rivers et al. [1] clearly indicate that the patients (of both arms) were 
severely hypovolemic at the time of inclusion as suggested by the low central venous 
pressure (CVP) and by the markedly positive responses of mean arterial pressure 
and of ScvO2 to the first 6 h of resuscitation, which included large amounts of fluid 
(on average 5000 mL in the EGDT arm versus 3500 mL in the control group). The 
low rate of vasopressor use (only 30% of patients) confirmed that the main compo-
nent of shock was hypovolemia and not arterial tone depression.

In the three multicenter RCTs [3–5], large volumes of fluids had already been 
administered before inclusion (2500 mL on average) so that the hypovolemic com-
ponent of shock was probably less predominant at the time of inclusion compared 
with the Rivers study. This explains, at least partly, why on average ScvO2 was 
already higher than 70%. Nevertheless, by design, these three RCTs could not show 
any benefit of targeting ScvO2 >70% since ScvO2 was already above the target at the 
time of randomization. Thus, the question of targeting a ScvO2 >70% when the 
ScvO2 is <70% cannot be definitively answered from the results of these trials. It is 
thus surprising to abandon ScvO2 measurements on the sole basis of such results. To 
find an analogy with a common issue in medicine, let us imagine an RCT comparing 
an antihypertensive drug with placebo in a population of patients with normal arte-
rial blood pressure at the randomization time. Such a study would obviously not find 
any benefit in favor of the antihypertensive drug. Would we have concluded that 
antihypertensive treatment is of no interest in the treatment of patients with hyper-
tension? By analogy, examining the potential benefits of targeting ScvO2 >70% 
should be performed in studies of patients with low ScvO2. To our knowledge, only 
the single-center study by Rivers et al. [1] satisfied this very basic condition, so that 
the utility of targeting ScvO2 >70% when ScvO2 is low, cannot be totally abandoned 
unless the evidence of negative results is provided in multicenter RCTs.

One possible argument underlying the decision to abandon the recommendation 
of using ScvO2 in the context of septic shock, would be to consider that the large 
majority of patients should have already received large amounts of fluids before the 
first value of ScvO2 is obtained. In this context, ScvO2 would be already >70% in 
the large majority of cases, as confirmed by the three multicenter RCTs mentioned 
earlier [3–5]. In addition, it could be argued that since alteration of oxygen extrac-
tion is a hallmark of septic shock, ScvO2 might be high, even if the patient has not 
been fully resuscitated. A study by Boulain et  al. provides interesting findings 
regarding the first value of ScvO2 obtained in a cohort of 363 patients with septic 
shock enrolled in a prospective multicenter observational study [19]. Patients had 
already received about 35 mL/kg fluids on average before ScvO2 was obtained (8 h 
on average after identification of sepsis). The prevalence of low ScvO2 (<70%) was 
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not negligible (about 27%), even when clinical resuscitation endpoints were 
achieved and even when arterial lactate was normal [17]. In a multicenter study 
including 619 patients admitted to the emergency department, the percentage of 
patients with an initial ScvO2 value <70% was 36% [20]. Therefore, at least numeri-
cally, the proportion of patients with low initial ScvO2 cannot be ignored. In addi-
tion, in the study by Boulain et al., an initial ScvO2 <70% was significantly and 
independently associated with day-28 mortality [119]. Moreover, a logistic regres-
sion analysis showed that ScvO2 <70% 6 h later was still a risk factor for day-28 
mortality [19]. All these findings plead against abandoning ScvO2 measurements in 
the early phase of septic shock, at least to identify this high-risk population of 
patients with low ScvO2. However, whether such patients could benefit from a fur-
ther increase in DO2 aimed at elevating ScvO2 as suggested by the Rivers’ trial [1], 
needs further confirmation.

Finally, measuring ScvO2 could also identify patients with very high values 
(>80%, or even >90%), which characterize a specific population where oxygen 
extraction capacities are markedly impaired due to the presence of large arterio-
venous shunting and/or altered microcirculation and/or reduced diffusion of oxygen 
from the capillaries to the cells (interstitial edema) and/or mitochondrial dysfunc-
tion. Obviously, in such a context, it is illusory to expect any correction of tissue 
hypoxia after increasing DO2. Such an observation should thus discourage attempts 
to deliberately increase DO2 with usual therapies (i.e., fluids, inotropes, blood trans-
fusion), and this can reduce additional risks of over-resuscitation. Unfortunately, 
therapies that successfully act on functional shunting, the microcirculation or oxy-
gen diffusion disorders and mitochondrial dysfunction are still lacking. In this 
regard, one clinical study in patients with septic shock showed that patients with a 
maximal ScvO2 value >80% within the first 72 h had a higher mortality than patients 
with ScvO2 <80% [21]. In a study by Pope et al., the mortality rate was higher than 
in the sub-population of patients with an initial ScvO2 >90% compared to the mor-
tality rate of those with ScvO2 between 70 and 89%, even after adjustment in a 
multivariable analysis [20].

17.5  Clinical Use of ScvO2 and SvO2

Although targeting a given value of ScvO2 predefined in therapeutic bundles is more 
than questionable, measurements of ScvO2 can be useful for several purposes. First, 
it is an important warning signal. In many instances, ScvO2 is one of the first, easily 
measured variables to be altered when perfusion to the tissues decreases.

Second, it is an important variable to help understand the hemodynamic status. It 
has to be combined with measurements of cardiac output, lactate and veno-arterial 
carbon dioxide pressure difference (PCO2 gap) (Fig. 17.1).

• A low ScvO2 (<70%) is highly informative as it suggests that DO2 is an important 
contributor to the shock state, with the advantage of being potentially correctable 
by usual cardiovascular therapies. This, in combination with other physiological 
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and hemodynamic variables, can encourage clinicians to try this therapeutic 
option, knowing that in patients with sepsis, there is no guarantee of significant 
increase in DO2 and no guarantee of correction of microcirculatory disorders, 
even if DO2 improves. In any case, we recommend making such a therapeutic 
decision on an individual basis.

• A high ScvO2 (>80%) in the context of septic shock is also informative as it sug-
gests marked alteration of oxygen extraction, which renders illogical any effort 
to increase DO2.

• A so-called normal ScvO2 (between 70 and 80%) is less informative as it nei-
ther encourages nor discourages use of therapies aimed at increasing DO2. 
As an example, in a population of patients with septic shock (blood lac-
tate = 5.5 ± 4.0 mmol/L) and mean ScvO2 of 70 ± 15%, fluid infusion (500 mL 
of saline) was shown to increase DO2, VO2, and mean arterial pressure and to 
decrease blood lactate, all elements that suggest hemodynamic improvement 
[22]. In such cases of shock and ‘normal’ ScvO2, one easy way to identify situa-
tions where increasing DO2 can be attempted is to consider the value of the PCO2 
gap [23, 24]. A higher than normal PCO2 gap (>6 mmHg) should encourage one 
to increase cardiac output and thus DO2 with the aim of restoring, at least partly, 
adequate hemodynamic conditions. A normal or low PCO2 gap should rather 
discourage any attempt to increase cardiac output [24].

Third, ScvO2 targets should be individualized. As for many variables, one size 
does not fit all and chasing a ScvO2 of 70–75% in all patients is likely to result in 

ScvO2 <65-70% 70% < ScvO2 ≤ 80% ScvO2 >80%

Patient with septic shock
(hypotension and/or mottling and/or increased capillary refill time and/or hyperlactatemia) 

Measure ScvO2 (or SvO2) 

• Inadequate DO2 is likely 
• Attempt to increase DO2 is logical 
  (↗ CO if Hb is not low) 

 
PCO2 gap?

PCO2 gap >6 mmHg

• Severe alteration of O2 extraction is likely
• Attempt to increase DO2 is illogical  

PCO2 gap ≤ 6 mmHg

• Alteration of O2 extraction is likely 
• Attempt to increase CO is NOT an option  

 

• Insufficient CO?  
• Independent microcirculatory disorders?
● Attempt to increase CO is an option 

Fig. 17.1 Clinical interpretation of central venous oxygen saturation (ScvO2). Hb hemoglobin 
concentration, CO cardiac output, O2 oxygen delivery, O2 oxygen, PCO2 gap difference in carbon 
dioxide pressure between central venous blood and arterial blood, SvO2 mixed venous oxygen 
saturation
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excessive therapy. The ScvO2 should be integrated with other markers of tissue 
hypoperfusion and, whenever possible, the other determinants of ScvO2 should be 
simultaneously measured (including cardiac output).

17.6  Conclusion

The vast majority of patients with septic shock are equipped with a CVC at least for 
administration of fluids and catecholamines. In this way, ScvO2 can be easily 
obtained by blood sampling. The use of a fiberoptic probe allowing continuous 
monitoring of ScvO2 is expensive and has no advantages over intermittent blood 
sampling. Knowledge of ScvO2 at the initial phase of septic shock can help the clini-
cian to better understand a patient’s hemodynamic picture in order to hopefully 
make the appropriate therapeutic decision. However, hemodynamic resuscitation 
should not be based solely on ScvO2 since there are: 1) potential limitations due to 
the fact that ScvO2 and change in ScvO2 do not always reflect SvO2 and change in 
SvO2; and 2) situations where its interpretation cannot be straightforward (e.g., for 
values within the so-called normal range). In any case, rational use of ScvO2 requires 
its integration in a personalized and multimodal approach including other important 
hemodynamic and metabolic variables such as arterial blood pressure, cardiac out-
put, lactate, PCO2 gap and peripheral perfusion markers.
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18Perioperative Hemodynamic 
Monitoring: MERCI to Predict Economic 
Impact

F. Michard and G. Manecke

18.1  Introduction

Most hemodynamic monitoring techniques have an associated cost. Although difficult 
to quantify, the cost of their implementation may be significant, particularly for tech-
niques requiring prolonged high-level training, such as echocardiography. These 
costs, or upfront investments, may be an obstacle to hospital adoption. Importantly, a 
fair evaluation of the return on investment must take into account the potential savings 
associated with a reduction in postoperative complications and hospital length of stay.

18.2  Cost of Postoperative Complications

The cost of postoperative complications is not easy to assess precisely for several 
reasons. First, in many countries, there are no reliable clinical databases where clearly 
defined postoperative complications are collected prospectively. Second, in countries 
using the diagnosis-related group (DRG) billing method, two patients with the same 
comorbidities, undergoing the same surgery and spending the same number of days in 
the hospital, may be charged the same amount even if they develop complications that 
differ in terms of real diagnosis (e.g., abdominal computed tomography [CT] scan vs. 
bacterial sample) and treatment costs (e.g., reintervention vs. antibiotics). Third, even 
when reliable complication data are available, for example from the National Surgical 
Quality Improvement Program (NSQIP) database in the USA, patients often develop 
several complications at the same time. When this is the case, it is challenging, when 
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not impossible, to determine which proportion of the increase in length of stay and 
related costs is associated with each specific complication. To bypass this limitation, 
several studies [1–5] did not try to determine the cost of individual complications 
but looked at surgical populations in a dichotomous way with patients who did not 
develop any complications on one side, and patients who developed one or more com-
plications on the other. These studies enable an estimation of the average extra costs 
associated with the development of one or more complications for a given surgical 
population. Studies that have included >1000 patients are summarized in Table 18.1. 
The average cost difference between a patient with one or more complications and a 
patient without any complication is around $17,000 or €15,000.

18.3  Cost of Hemodynamic Monitoring Systems

The cost of monitoring to achieve hemodynamic optimization is highly variable, not 
only from one method to another, but also from one country to another, depending on 
reimbursement policies. For example, if the operating room is already equipped with 
bedside monitors that automatically calculate and continuously display the arterial pulse 
pressure variation (PPV), using this variable to individualize intraoperative fluid man-
agement will not induce any additional equipment costs, although there may be some 
costs of training and education of personnel. In contrast, the purchase of disposable sen-
sors (e.g., for pulse contour analysis or esophageal Doppler, the most commonly used 
techniques for hemodynamic optimization) or of an ultrasound machine will result in 
added equipment costs that are usually easy to quantify. The cost of hemodynamic mon-
itors (the box with a display) is also highly variable from one product to the other, and 
some companies offer sensor connectivity to multiparameter bedside monitors via a 
module, so that a stand-alone hemodynamic monitor is not necessary. Rentals, per-
usage plans, and unlimited usage plans are also available from some companies.

18.4  Can We Estimate what Investment Is Justified?

The estimation of the return on investment is possible as soon as the clinical benefits 
are established and quantified. Pulse contour methods and the esophageal Doppler 
are the preferred monitoring choices of anesthesiologists for hemodynamic 

Table 18.1 Extra costs associated with postoperative complications in studies including >1000 
surgical patients

Study Population, n Extra-costs/patient
Michard et al. 2015 [5] 204,680 $11,824
Manecke et al. 2014 [4] 75,140 $29,876
Eappen et al. 2013 [3] 34,256 $22,398
Vonlanthen et al. 2011 [2] 1200 $34,446
Dimik et al. 2006 [1] 1008 $10,178
Weighted average in $US
Weighted average in € (exchange rate from July 28, 2018)

$17,338
€14,873
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optimization in major non-cardiac surgical procedures [6, 7] (Fig. 18.1). Many stud-
ies and meta-analyses have suggested that implementation of these techniques, with 
well- defined hemodynamic objectives, is useful to decrease the proportion of high-
risk surgical patients who develop one or more postoperative complications, aka 
postoperative morbidity. In four highly cited meta-analyses [8–11], the reduction in 
postoperative morbidity ranged from 23 to 57% (Table 18.2). However, it is impor-
tant to acknowledge that (1) most studies done in patients who were part of enhanced 
recovery after surgery (ERAS) programs failed to show a similar benefit [12]; and 
(2) studies investigating the use of non-invasive techniques in lower risk patients 
have also been disappointing [13, 14].

The ‘MERCI’ equation [15] enables an easy estimation of the possible Investment 
(I) to implement hemodynamic monitoring at no net costs (Fig. 18.2). It takes into 
account the current Morbidity rate (M), the Expected Reduction (ER) in postopera-
tive morbidity, and the current cost (C) of complications:

 M ER C I´ ´ =  

If the morbidity rate after colorectal surgery is 25% (M = 25%), the expected reduc-
tion in postoperative morbidity is 23% (ER = 23%), and the average cost of compli-
cations per patient is $17,000 (Table  18.1), the investment to implement 
hemodynamic monitoring at no net cost is $978/patient:

 0 25 0 23 17 000 978. . ,´ ´ =$ $  

If the actual cost of the monitoring is greater than $978/patient, the monitoring 
cost above $978/patient would represent new net cost to the health system. If the 
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Other
4% Other

17%
Doppler
18% Doppler

10%

Pulse
contour
74%

Pulse
contour
73%

Fig. 18.1 Hemodynamic monitoring techniques used during non-cardiac surgery in two large 
multinational studies. Left: EuSOS [6] published in 2012; right: RELIEF [7] published in 2018

Table 18.2 Reduction rate of postoperative morbidity with perioperative hemodynamic optimi-
zation in four highly cited meta-analyses

Meta-analysis Number of studies & patients Relative reduction in morbidity (%)
Hamilton et al. 2011 [8] 29 & 4805 57
Grocott et al. 2013 [9] 31 & 5292 32
Pearse et al. 2014 [10] 22 & 3024 23
Michard et al. 2017a [11] 19 & 2159 54

aUncalibrated pulse contour techniques only
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cost of monitoring is less than $978/patient, the difference would be savings to 
the health system. This is just an example using the expected reduction in mor-
bidity of 23% from the meta-analysis by Pearse et  al. [10] published in the 
JAMA (Table 18.2). If the baseline morbidity rate and cost of complications are 
lower and the clinical impact of hemodynamic monitoring is not as significant, 
then the investment, or ‘break even point’ will logically be lower as well. For 
example, if the morbidity rate after femur and hip fracture repair is only 15%, 
the expected reduction in postoperative morbidity is only 10%, and the average 
cost of complications in this specific population is only $5400 [5], then the 
investment to implement hemodynamic monitoring at no net cost is only $81/
patient:

 0 15 0 10 5 400 81. . ,´ ´ =$ $  

In this example, if the cost of implementing the monitoring is greater than $81/
patient, the cost above $81/patient would represent new net cost to the health sys-
tem. It is clear that the greater the incidence and cost of complications, the greater 
the cost of monitoring can be while maintaining either net cost savings or no net 
cost (‘break even’).

In summary, the MERCI equation has been created to help any given hospital to 
predict the economic impact of perioperative hemodynamic monitoring from its 
own morbidity rates and own costs of complications [15].

Several studies have used the MERCI equation to predict the economic 
impact of hemodynamic monitoring in large populations of patients undergoing 
major non- cardiac surgery. A first study [4] including >75,000 patients from 
>200 US academic hospitals reported a possible investment of around $750/
patient. This means that if the cost of hemodynamic monitoring is around $300/
patient (classical cost in the USA, including the amortization of the monitor), 
the hospital will save around $450/patient. A larger and more recent study 
(>200,000 patients from >500 academic and non-academic hospitals in the 
USA) reported a possible investment around $1000/patient, suggesting, in addi-
tion to the clinical benefits, potential savings around $700/patient [5]. A French 
study [16], including 2388 patients from three hospitals, predicted savings 
around 600-€1000/patient for major abdominal, vascular, orthopedic, urologic 
and gynecologic procedures.

Two other simulation studies modelled the potential impact of hemodynamic 
monitoring on quality-adjusted life years (QALYs) to assess its cost-effectiveness. 
In the first study [17], done with Swedish financial data and focusing on elderly hip 

M x ER x C = I

M = Morbidity rate %  ER = Expected Reduction %   C = Cost of complications / patient   I = Investment/patient

Fig. 18.2 The MERCI equation
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fracture patients, hemodynamic monitoring was less costly (−€1882/patient) and 
provided more QALYs than standard management in 96.5% of the simulations. In 
the second study [18], done with UK data and focusing on high-risk patients, hemo-
dynamic monitoring decreased costs (−£2135/patient) and prolonged QALYs by 
almost 10 months.

18.5  Economic Impact in Real Life

Studies based on the MERCI equation [4, 5, 16] or simulation models [17, 18] can 
only predict or project the economic impact of hemodynamic monitoring. It is 
important to support such projections, by determining what has happened in hospi-
tals where hemodynamic optimization was implemented in ‘real life’.

Two old studies [19, 20] done in the UK compared the cost of patients who were 
managed with a hemodynamic monitoring tool to the cost of patients from a stan-
dard management group. Both studies showed a significant reduction in costs in the 
hemodynamic monitoring group, ranging between £1259 [19] and £3467/patient 
[20]. Of note, these studies were done >20 years ago when the Swan-Ganz catheter 
was the only option for advanced monitoring for hemodynamic optimization of 
non-cardiac surgical patients. Therefore, these results may not be applicable to cur-
rent monitoring and billing practices.

More recent studies done with a pulse contour technique have reported savings 
ranging from zero in China [21] to more than $3500/patient in the USA [22]. The 
largest economic evaluation published so far (>700 patients), done in the UK, also 
with a pulse contour technique, showed net savings of around £400/patient [23].

In addition, it is important to note that the reduction in postoperative morbidity 
is often associated with a reduction in hospital length of stay. When this is the case, 
the increase in the number of free beds may allow a boost in surgical activity, with 
the opportunity for increased productivity, decreased wait times for patients, and 
increased revenue (depending on the country and health system). The opportunities 
generated by decreased length of stay and the associated available beds can be par-
ticularly advantageous to busy, private hospitals. The opportunities may also help 
large facilities that have available operating room capacity but limited bed avail-
ability address a surgical backlog with long waiting times.

18.6  Hospital Savings Versus Profits

When patients develop complications, hospital costs are higher, but reimbursements 
are higher too. Therefore, it is important to look at the impact of hemodynamic 
monitoring on hospital profitability (reimbursements–costs) and margin (profitabil-
ity expressed as a percentage) since they may end up being the main drivers for 
adoption by the hospital administration.

A 2006 US study from Dimick et al. [1] reported hospital costs for surgery on 
average $10,178 higher in case of complications, whereas reimbursements were 
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only $7645 higher. As a result, the profit dropped from $3288 to $755 and the mar-
gin from 23 to 3% in patients who developed one or more complication. A more 
recent study [24] from Flynn et al., focusing on patients undergoing open colec-
tomy, showed a decrease in profit by more than $12,000 when patients developed 
postoperative complications. Payers are currently much less likely to pay for the 
care of complications than they were in the past. Thus, these studies suggest that, at 
least in the USA, hospitals have real financial incentives to help clinicians improve 
quality of surgical and perioperative care.

18.7  Conclusion

Most hemodynamic monitoring techniques, beyond standard monitors such as elec-
trocardiogram (EKG) and non-invasive blood pressure cuff, have added cost. This 
cost, often relatively minor for an intensive care unit, may double or triple the aver-
age cost of anesthesia. Therefore, in the operating room, it is important to carefully 
select patients who may benefit from hemodynamic optimization, i.e., patients with 
comorbidities and/or undergoing major procedures with significant blood loss [25]. 
With the MERCI equation, it is easy to predict the return on investment, and hence 
to kick off a constructive discussion between clinicians, medical technology compa-
nies and hospital administration.
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19The Pulmonary Artery Catheter 
in the Management of the High-Risk 
Surgical Patient

M. Heringlake, S. Brandt, and C. Schmidt

19.1  Introduction

The introduction of the pulmonary artery catheter (PAC) into clinical practice almost 
50 years ago was a landmark for the treatment of critically ill and high-risk surgical 
patients as well as the future development of critical care medicine [1]. Hemodynamic 
measurements which—at that time—were restricted to cardiology labs and based on the 
use of expensive dyes and time consuming measurements, could now easily be per-
formed at the bedside on the intensive care unit (ICU) and in the operating room (OR). 
Thus it was not astonishing that, within a few years, the PAC became a standard tool for 
hemodynamic monitoring in patients during critical illness conditions and the tool of 
choice for managing perioperative hemodynamic optimization in high-risk patients.

Since the beginning of this century, enthusiasm for the PAC has decreased mark-
edly. This may be related to three developments: the evolution of critical care echo-
cardiography [2]; the development of less invasive, alternative hemodynamic 
monitoring tools [3]; and, probably the most important aspect, ‘negative publicity’ 
[4]. The latter phenomenon was primarily triggered by the results of the observa-
tional SUPPORT trial [5], suggesting increased mortality in critical care patients 
monitored with a PAC.  The results of multiple randomized studies published in 
subsequent years clearly refuted this hypothesis [6, 7], but these studies (as well as 
a large multicenter trial of high-risk surgical patients [8] and another trial in patients 
with decompensated heart failure [9]) did not reveal a benefit of using a PAC. Thus 
more and more clinicians refrained from using this monitoring modality.

Interestingly, although PAC use has declined tremendously in many clinical 
fields, it is still the standard extended monitoring system in many patients 
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undergoing cardiac surgery [10], is increasingly used in patients with severe heart 
failure [11] and is recommended by recent guidelines [12].

In this chapter, we describe the available evidence on PAC use for management 
of the high risk surgical (cardiac as well as non-cardiac) patient, relate these find-
ings to alternative concepts in this setting, and provide some perspectives on future 
developments of this monitoring modality.

19.2  PAC Monitoring in the High-Risk Surgical Patient: 
The History

Immediately after clinical introduction of the PAC, Shoemaker and colleagues per-
formed several observational studies in high-risk surgical and trauma patients 
revealing the pivotal role of an adequate oxygen balance for achieving good clinical 
outcomes, and that a mismatch between oxygen delivery and demand was associ-
ated with increased morbidity and mortality [13]. Subsequently they developed a 
therapeutic concept of optimizing oxygen balance by increasing cardiac index 
(using fluids and inotropes) as well as oxygen content of the blood to reach the 
hemodynamic goals achieved in the surviving patients, and indeed observed a sig-
nificant reduction in mortality [14]. Furthermore (but later largely ignored by the 
critical care community), they found that this concept of hemodynamic optimiza-
tion was only effective if applied before severe organ dysfunction had occurred [14].

Since the suggested hemodynamic goals were higher than those typically observed 
in an unstressed patient at rest, they unfortunately used the misnomer “supranormal” 
for this goal-directed optimization approach, although—using typical hemoglobin 
targets at that time—this “supranormal” approach would have resulted in a mixed 
venous oxygen saturation (SvO2) within the normal range (Fig. 19.1). This suggests, 

Fig. 19.1 Shoemaker’s “supranormal” hemodynamic goals are reflective of a ‘normal’ mixed 
venous oxygen saturation. Calculation of oxygen delivery (DO2) and consumption (VO2) based on 
cardiac index (CI) and hemoglobin (Hb) levels observed in surviving high-risk surgical patients 
[13] reveals that Shoemaker’s seemingly “supranormal” goals were associated with a ‘normal’ 
mixed venous oxygen saturation (SvO2) of 70%
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that the apparently “supranormal” hemodynamic goals were reflective of a ‘normal’ 
postsurgical stress response, which is typically associated with a higher than normal 
cardiac index to match the increased metabolic needs in this situation.

Following the landmark studies by Shoemaker et al. [13, 14], several monocenter 
studies confirmed their findings [15, 16]. Of note, one of the larger studies showed 
that the outcome benefit of goal-directed optimization was even detectable years 
after surgery [17]. Unfortunately, an attempt to validate the concept in a large mul-
ticenter trial failed and, with the exception of a trend towards improved renal func-
tion, did not reveal a substantial effect on outcomes [8]. However, this study has 
frequently been criticized because only a minority of patients reached the hemody-
namic goals before ICU admission and no information on treatment was provided.

19.3  What Is the Difference Between Other Monitoring 
Modalities and the PAC?

In contrast to other monitoring modalities, the PAC as a right heart catheter does not 
only allow measurement of cardiac index (CI) and stroke volume index (SVI), but 
also SvO2, pulmonary artery and right ventricular (RV) pressures, RV ejection frac-
tion, and RV end-diastolic volume index (RVEDVI).

Modern fiberoptic catheters enable SvO2 and pressures to be displayed continu-
ously while CI is determined by semi-continuous thermodilution. Entering heart 
rate from the bedside monitor and using a fast-response thermistor (capable of 
detecting individual beats within the thermodilution signal) additionally allows 
semi-continuous determination of RV ejection fraction and RVEDVI.

Thus, a modern PAC gives instantaneous information on more hemodynamic 
variables than any other commercially available monitoring device. Additionally, 
with the exception of arterial oxygen content, any information necessary to assess 
oxygen balance is almost continuously available; a clear difference, especially com-
pared to transpulmonary thermodilution monitors that need to be calibrated inter-
mittently to get reliable cardiac output data [18].

While determination of cardiac output and stroke volume can—more or less reli-
ably—be performed either with uncalibrated pulse contour analysis systems, trans-
pulmonary thermodilution or echocardiography, two important features distinguish 
the PAC from other hemodynamic devices: the capability of assessing cardiopulmo-
nary interactions and right heart function as well as the determination of SvO2.

It is increasingly recognized that right heart dysfunction and/or pulmonary arte-
rial hypertension may not only be encountered in patients with heart failure [19] and 
after cardiac surgery [20] but also in patients with chronic obstructive lung disease 
(COPD) [21] and acute lung disease [22]. Additionally, changes in pulmonary 
mechanics induced by mechanical ventilation may have relevant implications on 
pulmonary vascular resistance and right ventricular afterload [23].

While it is obvious that primarily left sided monitoring (with the notable excep-
tion of falsely positive increases in dynamic preload variables upon right heart fail-
ure [24]) cannot give any useful information on right heart function, echocardiography 
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has been claimed to be a less invasive modality to determine pulmonary artery pres-
sure. Unfortunately, determination of pulmonary artery pressure is only feasible in 
two-thirds of patients due to lack of tricuspid regurgitation; additionally, echocar-
diographic determinations have been reported to be rather imprecise, and are of 
course not available on a continuous basis [25]. In contrast, the PAC allows continu-
ous assessment of cardiopulmonary interactions and right heart function. 
Additionally, the ratio of pulmonary artery occlusion pressure (PAOP) to central 
venous pressure (CVP) may help better understand the underlying pathology of an 
individual patient and help quantify right heart dysfunction.

In recent years, central venous oxygen saturation (ScvO2) has gained attention as 
a possible substitute for SvO2 to assess systemic oxygen balance. Unfortunately, 
large differences between ScvO2 and SvO2 have been observed in patients undergo-
ing cardiac surgery [26] and in patients with septic shock [27], possibly related to 
increased oxygen extraction of the splanchnic region during hemodynamic compro-
mise [26, 28]. Thus a ‘normal’ ScvO2 does not rule out a significantly depressed 
SvO2 in these situations and assessing systemic oxygen balance by ScvO2 may 
become unreliable. Of note, absolute differences of more than 5/10% were observed 
in more than 50/25% of cardiac surgical patients, respectively [28]. This observa-
tion has important clinical implications.

In line with the pivotal findings from Shoemaker and colleagues [13], Holm 
and coworkers showed that a SvO2 <60% on ICU admission after cardiac surgery 
was associated with a high mortality [29]. Interestingly, patients presenting with 
a SvO2 in the range of 60–70% had a mortality rate of around 1%, whereas 
patients with SvO2 values between 55–60% and 50–55% had mortality rates of 5 
and 7%, respectively. This finding suggests that even minor differences in SvO2 
may have relevant impact on outcomes and that, if venous oxygen saturation is to 
be used for hemodynamic optimization, SvO2 is clearly superior to ScvO2 as a 
goal.

19.4  Is There Any Evidence to Support Use of a PAC Instead 
of (or in Addition to) Alternative Monitoring Modalities 
in High-Risk Surgical Patients?

Some years ago, Hamilton and coworkers performed a detailed systematic analysis 
on the effects of goal-directed hemodynamic optimization in moderate and high-
risk surgical patients and—based on the evidence available in 2011—showed that, 
while multiple monitoring technologies were effective in reducing complications, 
only the use of a PAC was associated with a reduction in mortality, if used to achieve 
“supranormal” hemodynamics [30]. Interestingly, Gurgel and do Nascimento inde-
pendently came to the conclusion that in high-risk surgical patients without preop-
erative evidence of organ dysfunction, the use of the PAC and DO2 and VO2 reduced 
postoperative mortality and morbidity [31]. Additionally they noted a proportional 
relationship between the level of perioperative risk and the benefit of hemodynamic 
control.

M. Heringlake et al.



251

These findings have been questioned because some of the high-risk studies 
employing the PAC dated back to the early period after Shoemaker’s initial studies 
[14–16] and the mortality rates for comparable surgeries have decreased consider-
ably since then. However, multiple observational studies have shown that, espe-
cially in the increasing population of patients with heart failure, many standard 
surgical procedures are still associated with substantial mortality rates [32]. Taking 
into account the classic definition of heart failure as the inability of the heart to 
generate a sufficient blood flow to adequately meet the metabolic needs of the tis-
sues, monitoring such patients with a PAC and aiming for optimization of oxygen 
balance is more than reasonable.

In line with these assumptions, recent evidence, especially in patients with heart 
failure and patients undergoing cardiac surgery, suggests that hemodynamic moni-
toring with a PAC may be associated with improved outcomes. Sotomi et  al. 
observed significantly improved 30-day mortality in patients monitored with a PAC 
during inotropic treatment of an acute heart failure syndrome associated with hypo-
tension in a propensity matched cohort of 1000 patients from the ATTEND register 
[33]. In a registry study of more than 116,000 cardiac surgical patients, Brovman 
and coworkers showed that the use of the PAC was associated with significantly 
fewer transfusions and a trend (p = 0.086) towards a reduction in mortality [34]. 
Interestingly, the authors observed that use of a PAC had steadily increased between 
2010 and 2014 from 25% to almost 40%. Comparably, Shaw and coworkers recently 
showed that the use of the PAC was associated with a significant reduction in car-
diopulmonary and bleeding complications in a propensity matched cohort of more 
than 6000 patients [35].

These positive findings contrast sharply with the sparse data available on the use 
of transpulmonary thermodilution technology in high-risk surgical patients. Despite 
being in clinical use for more than 20  years, the effectiveness of goal-directed 
hemodynamic optimization using this modality has only been tested in a handful of 
studies. Goepfert and coworkers showed a reduction in catecholamine use and dura-
tion of mechanical ventilation as well as a shorter time to fitness for discharge in a 
partially retrospective analysis of 80 cardiac surgical patients [36]. However, the 
study was clearly limited by the use of a historical control group. In another study, 
in 100 cardiac surgical patients, these authors analyzed the effects of a combined 
approach, using dynamic preload variables to individually determine the optimal 
global end-diastolic volume and to maintain this fluid status perioperatively, and 
observed a significant reduction in postoperative complications [37]. Unfortunately, 
it is hard to imagine that this complex approach may be transferred into routine 
clinical practice.

In contrast to the positive signals derived from these studies in cardiac surgical 
patients, a study in 180 non-cardiac high-risk surgical patients failed to show any 
benefit of hemodynamic optimization based on a transpulmonary thermodilution 
algorithm in comparison with best practice standard therapy [38]. Of note, a recent 
comparison study revealed no differences in global end-diastolic volume deter-
mined by the transpulmonary thermodilution technique in patients with severe aor-
tic stenosis and those with dilated cardiomyopathy despite a marked difference in 
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biplanar left ventricular (LV) levocardiography [39]. This raises questions as to 
whether the volumetric variables derived from transpulmonary thermodilution are 
indeed reflective of a physiological substrate.

In contrast to the transpulmonary thermodilution technology, many studies 
employing calibrated as well as uncalibrated pulse contour cardiac output and 
esophageal Doppler systems for goal-directed hemodynamic optimization are avail-
able, often showing a benefit in terms of a reduction in morbidity [40, 41]. However, 
the largest of these trials, the OPTIMISE study [42], failed to show a significant 
effect of stroke volume and DO2 optimization on a combined endpoint of complica-
tions or death.

In addition to transpulmonary thermodilution, pulse contour and esophageal 
Doppler devices, echocardiography is another monitoring modality that has been 
repeatedly suggested to be superior to the PAC for assessing hemodynamics and 
guiding hemodynamic resuscitation [2]. Interestingly, despite the role of echocar-
diography as a diagnostic tool and the fact that it, in many situations, adds important 
complementary information to the data derived from extended monitoring, the 
effects of goal-directed hemodynamic optimization using echocardiography on out-
comes have never been tested in a randomized trial in high-risk surgical patients [2].

19.5  Limitations and Risks

Like any other technology, the PAC has technical and clinical limitations that need 
to be taken into account for appropriate use. One important aspect is related to the 
potentially confounding effect of intracardiac shunts, such as atrial or ventricular 
septal defects, which may influence the thermodilution signal and (in case of a left-
to-right shunt) may lead to overestimation of cardiac output as well as (true) SvO2. 
Similarly, a high degree of tricuspid regurgitation may lead to erroneous measure-
ments and usually underestimation of cardiac output measurements [43]. However, 
in this situation, SvO2 is still valid and may still be used to assess oxygen 
balance.

The device specific risks of the PAC in a recent cohort (0.3% severe complica-
tions, 0.1% attributable mortality) [44] are lower than the risks that have been con-
temporarily reported, e.g., for transesophageal echocardiography [45]. Nonetheless, 
atrial and ventricular premature beats as well as sustained arrhythmias may be 
induced during introduction of a PAC. Consequently, close observation as well as 
experience in the adequate management of rhythm disturbances is pivotal, espe-
cially in patients with myocardial ischemia and aortic stenosis.

19.6  Perspectives

As a consequence of the controversies about the PAC after the SUPPORT trial 
[5], little effort has been made by the industry to further develop this technol-
ogy. However, applications already implemented in other monitoring 
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modalities, e.g., pulse contour analysis, could easily be integrated into a PAC 
bedside monitor. This approach might allow an autocalibrating pulse contour 
stroke volume monitor to be created for the low pressure system that most 
likely will be less influenced by changes in vascular tone than arterial pulse 
contour devices. Additionally, with intelligent software solutions, safety fea-
tures such as automated pressure curve analyses could be implemented to 
determine whether spontaneous wedging has occurred. Consequently, there are 
plenty of opportunities to further improve this technology in the near future.

However, one important feature to obtain additional information from the PAC is 
already available and has been reported by colleagues at the Montreal Heart Institute. 
Using a special PAC with an additional RV pressure port, they showed that direct 
pressure monitoring of the RV pressure curve allows immediate determination of 
RV function and, in combination with pulmonary artery pressure measurements, 
detection of dynamic RV outflow tract obstruction, a phenomenon which, compa-
rable to the left side of the heart, may be observed during high dose inotrope treat-
ment [46].

19.7  Conclusion

Based on multiple meta-analyses [32, 33], the PAC is still the only monitoring 
device that, if appropriately used within a hemodynamic protocol aiming to normal-
ize and to maintain systemic oxygen balance and thereby tissue oxygenation peri-
operatively, has ever been shown to improve mortality in high-risk surgical patients. 
Taking into account the substantial mortality risk still present in various kinds of 
surgery and in patients with heart failure, any reluctance to use this tool and to favor 
seemingly less- or non-invasive technologies, such as calibrated or non-calibrated 
pulse contour cardiac output devices, in high-risk patients is hard to justify. However, 
although not directly supported by scientific evidence, the complementary use of 
echocardiography seems highly reasonable.
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20Resuscitation Fluid Choices to Preserve 
the Endothelial Glycocalyx

E. M. Milford and M. C. Reade

20.1  Introduction

Despite decades of intense pre-clinical and clinical research there is still much 
uncertainty regarding the volume-expanding efficacy of different fluid resuscitation 
strategies across a range of disease states, particularly for the critically ill [1]. New 
concepts in vascular permeability promise to change the way we approach fluid 
resuscitation and ultimately lead to improvements in its efficacy. Central to these 
new concepts is the endothelial glycocalyx, which lines the luminal aspect of the 
vascular endothelium. Knowledge of the endothelial glycocalyx has permitted revi-
sion of the classic Starling principle to one that better explains the observed flux of 
fluid across the endothelial barrier [2].

This new model of endothelial permeability largely explains the difference in the 
predicted (1:3–1:5) versus the observed (approximately 1:1.3–1:1.4) ratio of colloid 
to crystalloid required to achieve similar hemodynamic end-points in clinical trials 
[1]. It also explains why the infusion of an iso-oncotic colloid fluid will not reverse 
existing interstitial edema [3], and may in some situations result in less volume 
expansion and greater tissue edema than a crystalloid in critically ill patients [4]. 
The volume expanding effects of infused fluids also differ depending on the rate of 
infusion, the degree of vasoconstriction, the integrity of the endothelial glycocalyx 
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and the volume status. Because of this, the effectiveness of fluid resuscitation is said 
to be context-sensitive.

Damage to the endothelial glycocalyx, termed shedding, occurs in a number of 
critical illnesses, including sepsis and severe trauma, and the degree of shedding is 
associated with poor outcomes [5]. It is likely, but not yet proven, that protecting 
and restoring the endothelial glycocalyx in these conditions will improve outcomes. 
Several pharmacologic therapies are under investigation, but these are in the pre- 
clinical phase of development and there is not yet enough evidence to support their 
clinical use [6]. However, there is growing evidence that commonly used resuscita-
tion fluids protect and restore the endothelial glycocalyx and modulate endothelial 
permeability, but differ in their ability to do so. It is therefore important that, when 
choosing resuscitation fluids for particular patients, clinicians consider factors addi-
tional to oncotic properties, including ability to protect and repair the endothelial 
glycocalyx.

20.2  The Endothelial Glycocalyx

The endothelial glycocalyx consists of a scaffolding network of proteoglycans, pre-
dominantly the transmembrane bound syndecan and the membrane bound glypican. 
Bound to these are five types of glycosoaminoglycan side chains, predominantly 
heparan sulfate, with chondroitin sulfate and hyaluronan less abundant [7]. 
Glycoproteins are also attached to the endothelium. These are diverse in function 
and include the cell adhesion molecules, receptors in intercellular signaling and 
receptors involved in fibrinolysis and coagulation. Incorporated into the scaffolding 
network are numerous endothelial and plasma-derived soluble molecules [7] 
(Fig. 20.1).

The endothelial glycocalyx is a key regulator of endothelial function. Most is 
known about its role in regulating vascular permeability, but it is also integral to 
cell-vessel wall interactions, blood rheology, mechanotransduction, inflammation, 

Fig. 20.1 The structure of 
the endothelial glycocalyx
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coagulation and fibrinolysis [7]. The fragile structure and small dimensions of the 
endothelial glycocalyx make it difficult to detect and quantify. Experimentally, the 
endothelial glycocalyx can be directly visualized by a number of techniques includ-
ing electron microscopy, intravital microscopy, comparison of the volumes of distri-
bution of endothelial glycocalyx permeable and non-permeable tracers, confocal 
microscopy, and immunohistochemical staining [8]. These techniques are all inva-
sive and not suitable for repeated measurements, if at all, in clinical applications.

For clinical purposes, detecting endothelial glycocalyx breakdown products in 
plasma or serum has been widely used in a research context, but is not yet routinely 
available for clinical practice, and indeed the clinical significance of elevated levels 
has not been validated. The most commonly measured is syndecan-1 (SDC-1), the 
main structural backbone of the endothelial glycocalyx [7]. Heparan sulfate, chon-
droitin sulfate and hyaluronan have also been used to detect endothelial glycocalyx 
damage [8]. Alternatively, visualization with a side-stream dark field (SDF) camera 
or its predecessor orthogonal polarization spectral imaging (OPS) has been used to 
detect endothelial glycocalyx thickness in the nail fold or oral mucosa in a clinical 
research context. These cameras estimate endothelial glycocalyx thickness based on 
the speed and deformation of passing red blood cells (RBCs) and leukocytes [8].

Loss of the endothelial glycocalyx, or glycocalyx shedding, occurs commonly in 
a number of diseases including trauma and sepsis, and has been associated with 
poor patient outcomes [5]. However, it is unclear whether endothelial glycocalyx 
shedding is simply a marker of disease severity or if it contributes directly to poor 
outcomes. There are a number of biologically plausible pathways whereby endothe-
lial glycocalyx shedding could cause harmful effects, but no clinical study has 
attempted to restore the endothelial glycocalyx, and in animal studies there are no 
data on outcomes after restoration [9].

Mirroring the diverse range of conditions that are associated with endothelial 
glycocalyx shedding is the diverse range of mediators known to cause shedding. 
These include, but are not limited to, tumor necrosis factor (TNF)-α, reactive oxy-
gen species (ROS), heparanase, hypoperfusion, hyperglycemia, bacterial toxins and 
growth factors [10]. The final common pathway for many initiators of shedding is 
the activation of proteases that cleave endothelial glycocalyx components from the 
cell surface [10].

20.3  Role in Regulating Vascular Permeability: The Revised 
Starling Principle

The movement of fluid across the endothelium has, until recently, been explained by 
the classical Starling principle, which describes the filtration rate as being a function 
of two opposing forces—hydrostatic pressure and osmotic pressure—across the 
vessel wall [11]:

 
Jv A L P Pp c i c i/ = ( ) ( )éë ùû- - s P - P  
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where Jv/A is the outward filtration force for a given area, Lp is the membrane 
hydraulic conductivity, Pc is the luminal hydrostatic pressure, Pi is the interstitial 
hydrostatic pressure, σ is the macromolecule reflection coefficient of the membrane, 
Πc is the luminal osmotic pressure and Πi is the interstitial osmotic pressure.

When Starling first described his theory in 1896 [11], the model was consistent 
with experimental data available at the time. However, in recent years, modern tech-
nology has enabled the observation of a number of contradictions to the classic 
equation. Specifically, there is no venous reabsorption of fluid, transcapillary flow 
rate is lower than predicted, and the interstitial protein concentration has a minimal 
effect on fluid flux [2]. This has led to four major modifications to the Starling 
model, with the endothelial glycocalyx central to these modifications.

20.3.1  No Absorption in the Steady State

Starling theorized that after being filtered out from the arterial end of a capillary (the 
segment under high Pc), fluid was then reabsorbed at the venous end (the segment 
under low Pc). However, experiments have found that while there is an initial tran-
sient response where fluid is absorbed after a sudden decrease in Pc, this rapidly 
changes back to outward filtration, even at the venous end of the capillary. This 
transient absorption phase lasts approximately 15–30  min in humans following 
acute hemorrhage, allowing the absorption, or ‘auto-resuscitation’, of approxi-
mately 0.5 L of interstitial fluid [2, 12]. However, in the steady state, no absorption 
is seen along the entire length of most capillaries, regardless of the Pc (the “no 
absorption rule”) [2, 12]. Instead, fluid is removed from the interstitium via the 
lymphatic system [12]. Only in certain unique organs, notably those of the renal, 
intestinal and lymphatic systems, is absorption seen in the steady state due to mech-
anisms that maintain a low Πi and a raised Pi [2].

The no absorption rule explains why the intravenous administration of iso- or 
hyper-oncotic colloid fluids will not reverse existing interstitial edema [3], and is 
due to the inverse relationship between capillary filtration rate and the interstitial 
protein concentration gradient adjacent to the vessel wall. After the initial drop in 
Pc, the balance of forces directs fluid inwards into the vessel lumen. This movement 
of fluid concentrates the interstitial proteins, increasing Πi, which opposes the 
absorption force inwards. Eventually, a new steady state is reached, at which point 
the balance of forces always results in outward filtration [2].

20.3.2  The Sub-glycocalyx Space

Starling’s original theory assumes that Πi is substantially lower than Πc. This is not 
correct. The interstitium is packed with proteins due to the physiological extravasa-
tion of plasma proteins, possibly through large pores located in the venular seg-
ments of capillaries, which results in Πi approaching Πc [2, 4]. But solving the 
original equation with the measured Πi and Πc values predicts a much higher 
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filtration rate than that measured experimentally [13]. Furthermore, modifying Πi 
experimentally only has a minor impact on filtration rate [2].

The discrepancies between predicted and measured filtration rates are resolved 
by revising the Starling equation and replacing Πi with the osmotic pressure in a 
small protein-free zone between the endothelial glycocalyx and the endothelial cells 
[2] (Fig. 20.2). That is:

 
Jv A L P Pp c i c/ = ( ) ( )éë ùû- - s P - PPg  

where Πg is the sub-glycocalyx osmotic pressure. As the osmotic pressure counter-
acting Πc is Πg, and not Πi, changes in Πi will have little impact on the filtration rate, 
as has been observed [2]. Πg is almost negligible in comparison to Πc, so the osmotic 
pressure gradient approaches Πc.

The sub-glycocalyx space is maintained protein-free by the constant outward 
filtration of fluid as explained by the no absorption rule and the plasma protein fil-
tering effect of an intact endothelial glycocalyx. The resulting ultra filtrate flows 
through the sub-glycocalyx space, and then out through the intercellular clefts via 
breaks in the tight junction strands [2]. Due to their narrow width, the velocity in the 
breaks is high even at low filtration rates, which prevents movement of interstitial 
protein back into the sub-glycocalyx space [2].

20.3.3  The Endothelial Glycocalyx Is a Determinant of Hydraulic 
Conductivity

The endothelial glycocalyx is also an important determinant of hydraulic conduc-
tivity. Hydraulic conductivity (Lp) is the change in filtration rate for a given change 
in transendothelial pressure, and can be thought of as the ease with which water 
passes across the vessel wall. Far from being a static variable, Lp is dynamically 
influenced by the endothelial glycocalyx and the endothelium. The endothelial 
glycocalyx reduces Lp by mechanically resisting fluid flow [2, 4]. It also affects Lp 
by mechanotransducing shear force to the underlying endothelial cells, which 
respond to increased shear stress by releasing nitric oxide (NO) and altering 

Fig. 20.2 The sub-
glycocalyx space. EG: 
endothelial glycocalyx
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junctional proteins resulting in an increase in Lp [14]. This process is physiologi-
cally relevant when meeting the increased demand for metabolic substrates to 
skeletal muscle during exercise, but the relevance in a critically unwell patient, 
where in most cases the endothelial glycocalyx is degraded and the shear stress is 
low, remains to be seen.

Endothelial cells have a significant role in regulating Lp. The tight and adher-
ens junctions contribute to the high hydraulic resistance of the intercellular space. 
Breakdown of these junctions occurs in response to a variety of mediators, such 
as vascular endothelial growth factors (VEGF) and cytokines, increasing Lp [15]. 
In addition, apoptosis, mitosis and transcellular pathways, such as aquaporins, 
may contribute to increased Lp depending on the vascular bed and the prevailing 
pathophysiological conditions [15]. The trans- and para-cellular pathways that 
mediate endothelial permeability to fluid, solutes and cells in a number of disease 
processes are complex and not completely understood, and are reviewed else-
where [15].

20.3.4  The Modified Starling Model Is Non-linear at Low 
Filtration Rates

The effect of capillary hydrostatic pressure, Pc, on filtration rate is more complex 
than previously thought. The original and modified Starling equations both describe 
the relationship between Jv/A and Pc as linear, when the other variables are con-
stant. This relationship is described by the linear equation:

 
Jv A L P L Pp c p i c/ /= + +( )éë ùû- - s sP Pg i  

However, due to the no absorption rule, at low values of Jv/A in the steady state the 
flow rate only approaches zero, never actually reaching zero or becoming negative. 
This results in an asymptotic curve at low values of Jv/A and a linear curve at 
higher values. Woodcock and Woodcock [16] have described the inflection point as 
the J-point, and theorized that at Pc values below the J-point both crystalloids and 
colloids will have almost the same volume expanding effects due to the filtration 
rate of both being near zero. The x-intercept, that is, Pc when Jv/A is zero (or rather 
what it would be if the curve was linear at a Jv/A of zero), approximates the J-point, 
and is given by:

 
J-point Pi c= + s sP P- g i/  

Increasing Pi or Πc will shift the J-point to the right, whereas increasing Πg/i will 
have the opposite effect (Fig. 20.3). Contextualizing this clinically, a right shift in 
the J-point is advantageous for increasing intravascular volume—more fluid can be 
infused (and crystalloid or colloid will have similar volume expanding effects) 
before the hydrostatic pressure threshold for movement of fluid interstitially is 
reached; whereas a shift to the left is deleterious for volume expansion—fluid will 
move interstitially at a lower Pc and hence lower intravascular volume. An increase 
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in Pi is usually due to edema formation, which is not desirable, so the best way to 
achieve a right shift is to increase Πc and avoid increases in Πg/i.

In an intact endothelial glycocalyx, Πg is negligible, and the colloid particles in 
an infused colloid fluid remain in the intravascular space due to the filtration effect 
of the endothelial glycocalyx. This results in either no change or a rightward shift of 
the J-point, a low filtration rate, and sustained plasma volume expansion from the 
infused fluid. Whether a colloid compared to a crystalloid results in greater volume 
expansion in this context depends on the Pc. If the Pc is below the J-point, then as the 
filtration rate is near zero, both crystalloids and colloids will have a similar volume 
expanding effect. If the Pc is above the J-point, then colloids will persist in the intra-
vascular space for longer than crystalloids.

While there is currently no way to measure Pc at the bedside (there is a poor cor-
relation between measurable macrocirculatory parameters such as blood pressure 
and those of the microcirculation [17]), there are indications that in healthy volun-
teers, the J-point does appear to approximate the Pc in what is regarded as normo-
volemia. When 900 mL of blood was removed from normotensive human volunteers, 
the volume of crystalloid required to restore normovolemia was estimated to be 
somewhere between one and two times the hemorrhaged volume [18], depending 
on the rate of replacement. By comparison, in experiments where crystalloid was 
infused to achieve hypervolemia, as little as 17 ± 10% was found to remain intravas-
cularly [19].

In contrast, if the endothelial glycocalyx is damaged, the J-point is shifted to the 
left due to the higher Πi replacing Πg [20], and the plasma expanding efficacy of any 
infused fluid is reduced (that is, the outward filtration rate will be above zero at a 
lower plasma volume). Paradoxically, while it might initially seem that in this con-
text (with the Pc being more likely to be above the J-point) a colloid fluid would 
persist in the intravascular space longer than a crystalloid, this is not necessarily the 
case as the colloid particles are free to move interstitially, further increasing Πi and 
worsening the leftward shift [20]. Endothelial glycocalyx shedding also decreases σ, 
making the J-point more dependent on Pi and less dependent on the osmotic pressure 
difference.

Fig. 20.3 The relationship between capillary lumen hydrostatic pressure (Pc) and the outward 
filtration force for a given area (Jv/A) showing the J-point, below which both crystalloids and col-
loids have almost the same volume expanding effect. Pi interstitial hydrostatic pressure, Πc, lumi-
nal osmotic pressure, Πi interstitial osmotic pressure, Πg sub-glycocalyx osmotic pressure
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This concept has been demonstrated experimentally by Jacob et al. [4] who mea-
sured perfusion pressure (approximating Pc) and transudate flow (approximating 
Jv/A) in ex vivo guinea pig hearts. The Pc of the estimated J-point after a crystalloid 
infusion was approximately 10  cmH2O, and this was the same before and after 
enzymatically degrading the endothelial glycocalyx (although the protein-free per-
fusate likely resulted in endothelial glycocalyx shedding prior to the enzymatic deg-
radation). The positive J-point was likely caused by the increased Pi from fluid 
movement interstitially. After a colloid infusion, this point was 0 cmH2O in an intact 
endothelial glycocalyx, but was reduced to −12 cmH2O after enzymatic degrada-
tion—the interstitium was essentially ‘sucking’ fluid from the intravascular space. 
The negative J-point was likely due to the increased Πi from the movement of col-
loid particles interstitially. In a similar study there were similar levels of tissue 
edema after infusing a colloid compared to a crystalloid through endothelial glyco-
calyx denuded vessels [20]. And in another, the increase in Πi resulted in an increase 
in the filtration rate of subsequent fluid infusions [21].

20.3.5  Additional Theoretical Considerations

Vasoconstriction and vasodilation via exogenous or endogenous mechanisms also 
affect Pc and the filtration rate but in a somewhat unpredictable fashion, as these are 
dependent on the balance of constriction/dilation in the venules and arterioles [17]. 
In addition, an increased rate of intravenous fluid infusion should, theoretically, lead 
to increased fluid extravasation from a transient increase in Pc, but the experimental 
data are not conclusive. The relationship between rapid fluid infusion rate, Pc, filtra-
tion rate and poor clinical outcomes is therefore still poorly understood. Furthermore, 
the permeability of the intact, or partially intact, endothelial glycocalyx to macro-
molecules such as albumin and semisynthetic colloids also increases with increas-
ing Pc, adding additional complexity to the relationship between Pi and Pc [17].

20.4  Clinical Implications of the Revised Starling Model

Methods for measuring endothelial glycocalyx status clinically are not yet rou-
tinely available outside of a research context and have unvalidated clinical signifi-
cance. However, overwhelming pre-clinical and clinical evidence suggests that the 
endothelial glycocalyx is likely to be damaged in critically unwell patients [5]. 
Infusing an iso-oncotic colloid into these patients will have a similar volume 
expanding effect to a crystalloid fluid. How similar will depend on the degree of 
endothelial glycocalyx shedding, the endothelial glycocalyx permeability, the 
patient’s pre- infusion volume status, the infusion rate, and the degree of vasocon-
striction, and is difficult to predict clinically due to the complexity of the interac-
tions between the variables involved. This could explain why in large clinical trials 
of critically unwell patients the volume expanding effects of colloids compared to 
crystalloids are much less than predicted. For example, in the Crystalloid versus 
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Hydroxyethyl Starch Trial (CHEST) [22] and the Saline versus Albumin Fluid 
Evaluation (SAFE) [23] clinical trials, the observed ratio of colloid to crystalloid 
to achieve the same hemodynamic resuscitation end-points was 1:1.3 and 1:1.4 
respectively, which is markedly different to the ratio of 1:3–1:5 predicted by the 
classical Starling principle [1].

Using an iso-oncotic colloid for a potential, even if only marginally, greater vol-
ume expanding effect is not without risk. Infusing a colloid solution into a patient 
with a degraded endothelial glycocalyx comes at the expense of interstitial protein 
accumulation resulting in tissue edema to levels similar to that seen in crystalloid 
infusions [4]. Paradoxically, in some cases tissue edema could actually be higher 
and volume expansion lower after an infusion of colloids compared to a crystalloid 
infusion [4]. In addition, the use of semisynthetic colloids may have deleterious 
consequences (e.g., allergy, coagulopathy) beyond causing edema [1], and they 
appear to extravasate faster than albumin [20]. Furthermore, due to the no absorp-
tion rule, a colloid infusion cannot reverse existing interstitial edema regardless of 
the integrity of the endothelial glycocalyx.

All of these considerations could explain why, despite the slightly greater vol-
ume expansion properties, overall there have not been any significant mortality ben-
efits from using a colloid over a crystalloid in clinical trials [1]. The volume 
expansion effect may be so marginal as to make no difference in outcomes, or the 
deleterious effects may counteract any advantage from greater volume expansion.

20.5  Fluids that Preserve the Glycocalyx

The preceding discussion has focused on the differential resuscitation effects of 
crystalloid and colloid according to the prevailing state of the endothelial glycoca-
lyx, finding physiological rationale for the absence of evidence for superiority of 
one over the other. However, some colloids do appear to be markedly superior as 
resuscitation fluids. In hemorrhagic shock, for example, resuscitation with higher 
ratios of plasma seems to result in lower mortality than crystalloid [24], despite 
there being seemingly little advantage in terms of preservation of coagulation fac-
tors [25]. The explanation may lie not with the Starling equation but rather that 
certain colloids act to preserve the endothelial glycocalyx.

As there have been no clinical trials that have directly sought to assess whether 
restoring or protecting the endothelial glycocalyx changes clinical outcomes, the 
rationale for preserving the endothelial glycocalyx is based on observational and 
pre-clinical in vitro and in vivo data. Taken together, these data suggest that the early 
repair of the endothelial glycocalyx might improve the systemic inflammatory 
response, coagulopathy and volume responsiveness following a systemic ischemic 
or inflammatory stimulus such as severe sepsis or major trauma. The timeframe for 
the endothelial glycocalyx to repair itself clinically without any intervention is not 
clear, but data from a rat model and human endothelial cell culture experiments sug-
gest that following the cessation of the shedding stimulus, it takes 5–7 days to 
restore the glycocalyx to baseline [26]. There is therefore a window in this relatively 

20 Resuscitation Fluid Choices to Preserve the Endothelial Glycocalyx



268

long timeframe for an intervention to stimulate earlier repair. There is growing evi-
dence that commonly used resuscitation fluids have differing abilities to protect and 
restore the endothelial glycocalyx.

20.5.1  Albumin

A low-protein environment has long been recognized to cause a rapid breakdown, 
or shedding, of the endothelial glycocalyx [27]. This phenomena is independent of 
the effect on osmotic pressure, as, for the same intravascular osmotic pressure, 
plasma and albumin are more effective than semisynthetic colloids such as hydroxy-
ethyl starch (HES) at preserving and restoring the endothelial glycocalyx, reducing 
vascular permeability, and reducing platelet and leukocyte adhesion in pre-clinical 
studies [4, 20, 28, 29]. The mechanism of the superior ‘sealing effect’ of albumin 
and plasma is still not entirely clear and has been termed the “colloid osmotic pres-
sure paradox”.

Initially, it was thought that perfusing the endothelium with a protein-free solu-
tion collapsed the endothelial glycocalyx due to washout of its integrated proteins. 
However, immunohistochemical staining and electron microscopy have revealed 
that a low-protein environment causes a complete absence, rather than collapse, of 
the endothelial glycocalyx [27]. This appears to be caused by matrix metallopro-
teinase (MMP) cleavage of the endothelial glycocalyx components from the under-
lying endothelium [27]. The protective effect of protein might be mediated by a 
protein bound substance that inhibits MMP cleavage of the endothelial glycocalyx, 
such as the lipid mediator sphingosine 1-phosphate (S1P). In in vitro experiments, 
activation of the S1P1 receptor inhibits MMPs, preventing endothelial glycocalyx 
shedding [27, 28], while at the same time the endothelial glycocalyx is restored by 
the mobilization of intracellular pools of glycocalyx components via golgi-medi-
ated translocation [4]. RBCs, followed by platelets, are the major source of S1P in 
the body [30]. Plasma proteins, predominantly high-density lipoprotein (HDL) and 
albumin, facilitate the release of S1P from these sources [30]. In the absence of 
albumin, up to 25 times less S1P is released from RBCs [28]. Whether S1P is the 
only mediator responsible for the colloid osmotic pressure paradox is not known, 
nor is it known whether agonizing the S1P1 receptor has any clinically relevant 
effect on the endothelial glycocalyx in vivo.

It is unclear whether the infusion of albumin in vivo has the same endothelial 
glycocalyx restoration effect as that seen in vitro. Animal studies have yielded con-
flicting results—in a mouse model of hemorrhage where fresh frozen plasma (FFP) 
attenuated the increase in vascular permeability, human albumin had almost no 
effect [31], whereas in a rat model of hemorrhage, albumin restored the glycocalyx 
thickness to 81 ± 31% of the baseline, compared to the full restoration achieved by 
FFP, but better than the 42 ± 21% of that from 0.9% saline [32]. Permeability in this 
study was restored to baseline after both FFP and albumin infusion. Furthermore, in 
clinical trials, there is only a narrow, if any, survival benefit of using albumin as a 
resuscitation fluid, although there is weak evidence that there may be an advantage 
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of albumin in septic patients [1]. There are also concerns about the safety of albumin 
in traumatic brain injury (TBI), although a recent study has suggested that the harm 
in this patient population might actually be caused by the hypotonicity of the carrier 
fluid, not by the albumin itself [1].

There are a number of possible explanations for these contradictory data. It could 
be that albumin restores the endothelial glycocalyx, but this restoration does not 
change clinical outcomes. It could also be that circulating albumin levels are 
required to drop below a critical level before supplementation has any clinically 
significant effect. Or, it could be that it is not albumin itself that is a mediator of 
endothelial glycocalyx repair, but rather another mediator contained in the albumin 
solution, such as S1P.  Supporting this hypothesis is a study in which albumin 
exposed to RBCs for 20  min or a solution without albumin but containing S1P 
maintained normal vessel permeability in rat microvessels, but albumin not condi-
tioned by RBCs did not, nor did Ringer’s solution that was conditioned to RBCs 
[28]. Commercially available sources of albumin for pre-clinical research use, such 
as fetal calf serum and bovine serum albumin, contain physiologically active levels 
of S1P [28], which may account for their efficacy in protecting and restoring the 
endothelial glycocalyx in in vitro experiments. The levels of S1P in human albumin 
manufactured for clinical purposes have not been reported, and the albumin used in 
the aforementioned studies was not analyzed for any other potential mediators. 
Differing levels of these mediators could account for the difference in observed 
effects. Artificially S1P-enriched human albumin would be an attractive solution for 
trials in human resuscitation.

20.5.2  Fresh Frozen Plasma

The evidence for the endothelial glycocalyx-restoring properties of FFP is more 
compelling. In cell culture and animal models of endothelial glycocalyx injury, FFP 
consistently attenuates glycocalyx shedding and the associated increase in vascular 
permeability and leukocyte adhesion, and in animal models it also attenuates acute 
lung injury and gut inflammation following hemorrhagic shock [29]. In a clinical 
study of 33 non-bleeding critically-ill patients given 12 mL/kg FFP as pre- procedure 
prophylaxis, SDC-1 blood levels were significantly lower following the administra-
tion off FFP, indicating that FFP had reduced the degree of endothelial glycocalyx 
shedding [9]. FFP starts repairing the endothelial glycocalyx within 1 h, and this 
appears to be mediated via not only the cessation of ongoing shedding, but also by 
up-regulation of endothelial glycocalyx component production. Hemorrhagic shock 
reduces the expression of SDC-1 mRNA, and resuscitation with crystalloid reduces 
this expression even further, while FFP returns SDC-1 mRNA expression back to 
baseline [33].

The increase in endothelial glycocalyx production by FFP could confound the 
clinical detection of glycocalyx shedding with blood levels of glycocalyx compo-
nents. In a rat model of hemorrhage and TBI, SDC-1 blood levels at 23 h were 
higher in the FFP resuscitated group compared to the 0.9% saline resuscitated 
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group, suggesting higher levels of endothelial glycocalyx shedding in the FFP group 
[34]. The authors suggested the low levels of SDC-1 at 23 h actually most likely 
reflected a reduction in endothelial glycocalyx production in the saline group, not a 
reduction in endothelial glycocalyx shedding.

The mechanism by which FFP restores the endothelial glycocalyx, reduces endo-
thelial permeability, and attenuates early inflammation is not clear. It is not known if 
the same mediator is responsible for the endothelial glycocalyx repairing properties of 
both FFP and albumin. Similar to albumin, the pre- and post- transfusion levels of S1P 
in FFP approved for clinical use have not been measured. In addition, FFP’s effects are 
pleiotropic: for instance it also repairs the endothelial adherens junction, which would 
account for some of the improvement in permeability [35]. This is not surprising given 
that plasma contains over 1000 proteins and numerous soluble mediators [36]. S1P in 
FFP may play an important role in preserving and restoring the endothelial glycocalyx, 
but so may other mediators of protease activity such as TIMP3 (tissue inhibitor of 
metalloproteinase 3) [37] or ADAMTS13 (a disintegrin and metalloproteinase with a 
thrombospondin type 1 motif, member 13) [9]. However, there is as yet less evidence 
for these mediators in the pathogenesis of endothelial glycocalyx shedding than S1P.

The components of FFP that repair the endothelial glycocalyx may also be pres-
ent in plasma-derived products such as prothrombin complex concentrate (PCC). 
Pati et al. demonstrated that in a mouse model of hemorrhagic shock, PCC attenu-
ated the increase in vascular permeability with equal efficacy as FFP [31]. 
Interestingly, the PCC was not as effective as FFP in an endothelial cell culture 
model [31]. It may be that multiple components of plasma are required to act syner-
gistically to mediate their restorative effects. This study did not measure the endo-
thelial glycocalyx, so it can only be speculated that the permeability reducing effect 
was mediated via glycocalyx restoration. Lyophilized and spray-dried plasma also 
appear to have the same endothelial protective properties as FFP [9].

Other variations in the processing and storage of FFP may not preserve its endo-
thelial glycocalyx repairing properties, and as it is not known what mediates these 
properties it is difficult to predict how these may differ with different processes. For 
example, the protective effects of FFP are substantially diminished by post-thaw 
storage at 4 °C for 5 days [9]. Furthermore, the timing of resuscitation could also be 
important. In a cell culture model, resuscitation with plasma immediately following 
injury restored the endothelial glycocalyx and vessel permeability, whereas resusci-
tation with plasma at 3 h following injury had no protective effect [38].

Clinically, there is evidence that the infusion of FFP, particularly in traumatic 
hemorrhage, decreases early deaths, particularly when the plasma is administered 
early [39]. In the PAMPer trial, a 564 patient multicenter randomized controlled 
trial (RCT) of pre-hospital administration of FFP compared to standard care (no 
FFP pre-hospital), 30-day mortality was lower in the group that received pre- 
hospital FFP (23.2% vs. 33.0%) [39]. The improvement in mortality occurred early; 
there was separation in the survival curve after only 3 h following randomization 
[39]. FFP’s beneficial effects were independent of any attenuation of coagulopathy 
[40], and it could be speculated that it may instead, at least in part, have been medi-
ated by endothelial protection.
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There has historically been a reluctance to use FFP due to concern about the risk 
of adverse events, such as transfusion-associated acute lung injury and allergic 
transfusion reactions [41]. However, a variety of strategies to reduce these risks, 
such as using male only donor plasma and leukoreduction, have resulted in a safer 
product [41]. Recent RCTs have found no increased incidence of major complica-
tions including multiorgan failure, acute lung injury or sepsis with the use of FFP, 
and only a low incidence of minor transfusion-related reactions in patients who 
receive FFP [24, 39]. Interestingly, in a pilot study of 44 bleeding patients undergo-
ing surgery for thoracic aorta dissection, patients randomized to OctaplasLG had 
significantly lower SDC-1 and sVE-cadherin levels (a marker of endothelial cell 
intercellular junction integrity) compared to patients given standard FFP [42]. 
OctaplasLG is a pathogen-reduced product derived from approximately 1000 
plasma donations with standardized concentrations of clotting factors, and is free 
from damage-associated molecular patterns, cytokines, cell debris and microparti-
cles due to several stages of microfiltration. The removal of these particles could 
result in a product that has fewer adverse effects, but is also more effective at restor-
ing the endothelial glycocalyx than standard FFP. Potentially, isolating the endothe-
lial glycocalyx protective mediator among FFP’s thousand or so proteins and soluble 
mediators could prove to be the most effective and safest therapy for protecting the 
endothelial glycocalyx.

20.5.3  Red Blood Cells

Packed RBCs (PRBCs) could, theoretically, have an endothelial glycocalyx protec-
tive effect due to their role as a source of S1P. RBCs, followed by platelets, are the 
major source of S1P in the body; S1P is rapidly removed from the circulation, so 
circulating RBCs and platelets may be integral in maintaining sufficient plasma 
levels [30]. A study of individually perfused rat microvessels supports this hypoth-
esis. Albumin exposed to PRBCs for 20  min or a solution without albumin but 
containing S1P maintained normal vessel permeability, but albumin not conditioned 
by PRBCs did not [28].

However, PRBCs transfused systemically do not appear to be protective of the 
endothelial glycocalyx. In a rat hemorrhagic shock model, resuscitation with fresh 
whole blood or unwashed PRBCs, but not with washed PRBCs or lactated Ringers, 
increased endothelial glycocalyx thickness and reduced vascular permeability, sug-
gesting that the residual plasma in the unwashed PRBCs is responsible for the endo-
thelial protective effect, and not the PRBCs themselves [43]. The equivalent of 
approximately 4 units of blood product was transfused to each animal in this study. 
It could be that there were enough circulating endogenous RBCs in these animals to 
keep S1P levels above a critical level, so supplementation did not achieve any 
noticeable effect. If this were the case, then this has consequences for patients who 
receive massive blood transfusions where their entire circulating blood volume is 
replaced with exogenous blood products. For these patients, the S1P content of 
transfused blood products could be of great clinical significance.
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Notably, aged PRBC units contain less S1P than fresh units [44]. There is high 
quality evidence that transfusion of fresher PRBCs does not improve patient outcomes 
[45]. However, the large trials that have addressed this question did not consider 
PRBCs towards the end of their 42-day shelf life, but were instead pragmatic responses 
to the emerging clinical tendency to transfuse the freshest available PRBCs in prefer-
ence to units with a median age of around 20 days [45]. In addition, these trials did not 
specifically look at massive transfusion, and it is possible that the age of PRBCs mat-
ters in this population, but not in those who receive a small number of PRBC units.

20.5.4  Platelets

There is growing evidence that the transfusion of platelets early following hemor-
rhagic shock improves patient outcomes. Most recently, a sub-study of the 
Pragmatic, Randomized Optimal Platelet and Plasma Ratios (PROPPR) trial ana-
lyzed the 261 patients in the trial who only received the first cooler of blood prod-
ucts, and therefore either did or did not receive platelets along with their PRBC 
resuscitation. Patients who received platelets had significantly lower 24-h (5.8% vs. 
16.9%) and 30-day mortality (9.5% vs. 20.2%) [46]. While there are inherent limi-
tations with such a sub-study, this finding is consistent with previous observational 
studies that have suggested that increased plasma and platelet to PRBC ratios 
improve outcomes in bleeding trauma patients [47].

Almost certainly some of the mortality benefit from platelet transfusion would be 
attributed to an improvement in hemostasis. However, it is also possible that the endo-
thelial protective effects of platelets also play a role in improving outcomes. Platelets 
release cytokines and growth factors that preserve the integrity of the endothelial inter-
cellular junction and thereby maintain a low vascular permeability [48]. Platelets are 
also a source of S1P [30], so it is possible that S1P plays a role in maintaining a low 
vascular permeability by protecting the endothelial glycocalyx; however the effect of 
transfused platelets on the endothelial glycocalyx specifically has not yet been studied.

Similar to plasma and PRBCs, the processing and storage conditions of platelets 
affect their ability to preserve vascular permeability. Washed platelets stored for 5 
days, compared to one, have approximately 50% lower levels of S1P [49] and 
increase vascular permeability both in vitro and in vivo [48]. There is also signifi-
cant inter-donor variability in the ability of transfused platelets to preserve endothe-
lial permeability. In addition, washed platelets stored at 4 °C (cold stored), compared 
to standard storage at room temperature (22 °C), were more effective at preserving 
endothelial permeability in both in vitro and in vivo models [50].

20.5.5  Crystalloids and Artificial Colloids

Crystalloids have no ability to restore the endothelial glycocalyx [4, 9], although 
they may differ in their effects on Lp (hydraulic conductivity) primarily through the 
effects of calcium on endothelial cells [4]. Artificial colloids do have some 
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protective and restorative properties through an unknown mechanism, but they are 
inferior to albumin and FFP in this regard. This has been demonstrated in in vivo 
and ex vivo animal studies of endothelial glycocalyx injury, in which HES was mar-
ginally more effective than crystalloid at restoring the endothelial glycocalyx and 
reducing the corresponding increase in vascular permeability, but significantly infe-
rior to albumin and FFP [9, 20].

However, the protective effect of HES seen in pre-clinical studies does not appear 
to translate clinically. In clinical trials of sepsis and off-pump coronary bypass graft 
surgery, which both caused a significant elevation in blood concentration of SDC-1, 
indicating glycocalyx shedding, there was no difference in blood concentrations of 
SDC-1  in patients resuscitated with HES compared to those resuscitated with a 
crystalloid [51, 52]. In addition, large randomized clinical trials of HES in critically 
ill patients have found no benefit to using HES over a crystalloid, instead finding 
that HES is associated with the increased use of blood products and the develop-
ment of acute kidney injury [1]. There is little evidence about the effects of other 
types of artificial colloids on the endothelial glycocalyx.

20.6  Conclusion

Until fairly recently, the theoretical advantages of one type of resuscitation fluid 
over another have been based on a now outdated understanding of vascular perme-
ability. Colloid fluids were considered superior to crystalloids due to their theorized 
greater retention within the intravascular space, but clinical trial data have neither 
supported this nor convincingly demonstrated a mortality or efficacy benefit from 
any one fluid type over another [1]. These observations are clarified by the revised 
Starling equation, which explains the similar volume expanding and interstitial 
edema forming properties of crystalloid and colloid fluids when the endothelial gly-
cocalyx is shed and the hydrostatic pressure is low in critically ill patients, as well 
as other considerations, such as the effects of colloid accumulation in the interstitial 
space. Future research into fluid resuscitation will benefit from an updated under-
standing of the determinants of vascular permeability, and perhaps most promising 
is the identification of the endothelial glycocalyx as a possible therapeutic target. 
Resuscitation fluids differ in their ability to protect and restore the endothelial gly-
cocalyx. While FFP has been identified as the most effective, further work is needed 
to establish the mechanisms, and to determine whether glycocalyx repair improves 
clinical outcomes. A fluid resuscitation strategy that protects and repairs the endo-
thelial glycocalyx may prove to be the most effective.
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21Should Albumin be the Colloid of Choice 
for Fluid Resuscitation in Hypovolemic 
Patients?

J. Montomoli, A. Donati, and C. Ince

21.1  Introduction

Hemodynamic management represents a major therapeutic challenge in critical care 
and emergency medicine. It plays a key role during the entire healing process of a 
patient from hospital admission to discharge. Within hemodynamic stabilization, 
resuscitation is one of the major indications for fluid administration and is often a 
life-saving therapy that has to be administered as soon as possible, with the right 
dose and rate, and choosing the right types of fluid. Unfortunately, these pillars of 
fluid therapy are not supported by consistent and solid evidence in the scientific 
literature. The agreement on the right fluid for the right patient is a mantra that is 
still a source of debate. However, after the restriction of hydroxyethyl starch (HES) 
use in critically ill patients issued by the European Medicine Agency (EMA) and the 
Food and Drug Administration (FDA) in 2013, crystalloids now dominate resuscita-
tion fluids in hypovolemia although recent evidence has demonstrated increased 
mortality in critically ill patients receiving 0.9% NaCl (normal saline)—by far, one 
of the most used crystalloids [1].
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Among colloid solutions, albumin is the most used in clinical practice and in 
recent years its administration has been promoted mainly in septic patients [2]. 
Albumin is the main determinant of plasma oncotic pressure in healthy individuals 
and has, therefore, been recommended for treating hypovolemia [3]. However, cur-
rent practice in critical care is more focused on replenishing albumin to physiological 
levels instead of using it for hemodynamic normalization during hypovolemia in the 
manner synthetic colloids are used. In addition to its use as a plasma expander, the 
structure of albumin confers other functions, so called non-oncotic or pleiotropic 
properties, which include binding and transporting endogenous and exogenous sub-
stances, antioxidant function, regulating immunomodulatory and anti- inflammatory 
activity, and contributing to acid-base regulation and endothelial stabilization [3].

Historically, a major boost to our knowledge on albumin occurred when the USA 
entered World War II [4]. As the need for a stable substitute for whole blood to treat 
hemorrhagic shock on the battlefield arose, the Harvard Physical Laboratory under-
took preparation of serum albumin for this purpose. Since then an impressive 
amount of literature has been produced about albumin and its use in the clinical 
setting. At present, the major clinical indications for albumin administration are 
treatment or prevention of clinical complications associated with extreme effective 
hypovolemia in patients with liver cirrhosis and fluid resuscitation in critically ill 
patients, especially when crystalloids or artificial colloids are not effective or con-
traindicated [5].

The purpose of this chapter is to discuss the administration of albumin as a col-
loid to treat hypovolemia in comparison to other fluid types. In this context, we 
looked into the existing literature to evaluate whether the potential benefits of albu-
min have been supported by experimental findings.

21.2  Hypovolemia and the Hemodynamic Rationale for Its 
Treatment

Hypovolemia is a condition defined as a reduction in the intravascular volume that 
is effectively perfusing the tissues, usually called the effective circulating volume. 
Such a reduction may be caused by either an absolute drop in the total circulating 
volume related to blood loss (hemorrhage) or plasma loss (gastrointestinal, renal, 
cutaneous, extravasation into interstitial tissues) or by an inadequate distribution of 
blood volume between the central and peripheral compartments (venodilatation). 
Moreover, the onset of hypovolemia may be acute or develop gradually. Reductions 
in effective circulating volume result in decreased venous return, cardiac output and 
blood pressure. All these modifications activate a sympathetic response that essen-
tially aims to correct previous modifications and prioritize blood flow to vital 
organs. Consequently, an increase in sympathetic tone determines changes in a 
patient’s vital signs that are usually detected by clinicians as tachycardia, increased 
diastolic blood pressure, impaired capillary refill and tachypnea. Additional mecha-
nisms mainly mediated by hormones are activated to restore the effective circulating 
volume over a medium-term and will not be described.
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21.2.1  Hypovolemic Shock

Shock is a life-threating condition that develops when there is a relative insufficiency 
of intracellular energy production with respect to demand with consequent tissue 
dysoxia, disregarding the anatomo-physiological impairment that causes this condi-
tion. In critical care, shock is most often caused by a decrease in effective blood flow 
and oxygen delivery to tissues and, therefore, defined as circulatory shock. Based on 
the pathophysiological mechanism that leads to circulatory shock, four types of 
shock—not necessarily exclusive—can be identified: hypovolemic, cardiogenic, 
obstructive and distributive [6]. Hemodilution may be considered to constitute 
another type of shock. For a long time, a systolic blood pressure <90 mmHg has been 
considered a cardinal sign of shock. However, in recent years, the diagnosis of shock 
has moved towards systemic and organ-specific signs of tissue dysoxia [7]. A con-
centration of blood lactate >2 mEq/L is considered the most important marker of 
circulatory shock [6]. However, it has been shown that even values between 1.5 and 
2.0 mEq/L are associated with increased mortality [6]. Other clues of shock are what 
Vincent and colleagues have previously described as “windows”, through which we 
can see the effects of the altered tissue perfusion [6]. These “windows” provide us 
with surrogates of shock including the conditions of the skin, the kidneys and the 
brain, namely showing mottled skin and slow capillary refill (>2 s), oliguria (<0.5 mL/
kg/h) and altered mental status (Glasgow Coma Scale [GCS] <15), respectively. All 
the previous organ-specific signs stem from a common feature found in all types of 
circulatory shock that consists of the impairment of the microcirculation. Based on 
this factor, sublingual microcirculation monitoring has the potential to provide a 
fairly objective “window” to evaluate real-time microcirculatory impairment associ-
ated with hypovolemia [8]. Despite the improvement of image quality in the last 
decade, current equipment is still not suitable for routine clinical use but it has been 
used widely for research with consistent and relevant findings [9]. Hopefully, in the 
coming years, breakthrough technologies and supportive clinical trials will help to 
bring sublingual microcirculation monitoring into clinical practice.

21.2.2  Fluid Resuscitation

According to the physiopathology of hypovolemic shock, the “VIP” (Ventilate, 
Infuse, Pump) therapeutic approach introduced by Dr. Weil in 1969 is still funda-
mental [10]. Most recently, the concept of fluid therapy has been expanded accord-
ing to the clinical course of circulatory shock and more accurate fluid stewardship 
has been proposed mainly consisting of four phases: resuscitation, optimization, 
stabilization, and de-escalation [11]. Fluid resuscitation should be started as soon as 
possible with the least negative impact on blood homeostasis. The effectiveness of 
treatment requires a fluid able to produce a predictable and sustained increase in the 
intravascular compartment without detrimental effects on the endothelium, to be 
completely eliminated without tissue accumulation, and possibly to be cost- effective 
in terms of outcomes. No such ‘physiological’ resuscitation fluid exists at the 
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moment and all choices of fluid therapy carry risks. Moreover, in addition to the 
choice of which type of fluid to use, further issues need to be addressed during the 
resuscitation phase, such as the target to reach, the best dose, the duration and the 
rate of infusion. Finally, assessment of fluid responsiveness using dynamic variables 
and continuous or intermittent evaluation of cardiac output, cardiac function and 
preload are essential to monitor the impact of therapeutic interventions and to avoid 
severe hemodilution and fluid overload [7].

Fluid solutions are roughly classified as colloids and crystalloids. According to 
the classic Starling model, colloid solutions should have the advantage of reducing 
the total amount of fluid needed to improve hemodynamics and systemic perfusion 
by increasing intravascular oncotic pressure. However, experiments using volume 
kinetics models have shown little or no advantages from colloids in terms of fluid 
expansion in conditions with low capillary pressure such as hypovolemia and sepsis 
[11]. Nevertheless, when clear hemodynamic endpoints are targeted during fluid 
resuscitation in septic patients, substantially less volume of colloids than crystal-
loids is required [12]. A biological explanation lies in the active role of the endothe-
lium and the glycocalyx layer on regulating capillary permeability [13]. However, 
conditions characterized by sustained systemic inflammation but also persistently 
high rates of fluid infusion alter capillary permeability and may determine a state of 
globally increased permeability perpetuating fluid accumulation [11].

21.3  Human Serum Albumin: Oncotic and Non-Oncotic 
Properties

Although albumin is often considered as an intravascular protein, it is predomi-
nantly an interstitial protein with a concentration of about 20 g/L (total mass 160 g) 
and partially tissue-bound and, therefore, unavailable for circulation [3]. Albumin 
plasma concentration is approximately 45 g/L in healthy individuals with an intra-
vascular mass of 120 g and it circulates across the capillary wall with a transcapil-
lary escape rate of 5% per hour leading to a circulation half-life of 16 h [3]. In the 
28–36  days between synthesis and degradation, it is roughly estimated that one 
albumin molecule makes 15,000 passes through the circulation. Albumin is not 
stored in the liver and there is no reserve for rapid release if required. Under physi-
ological conditions, only 20–30% of hepatocytes produce albumin and its synthesis 
can be increased on demand by 200–300% [3]. Plasma albumin levels may fall dur-
ing periods of stress, trauma or sepsis despite its long half-life resulting from accel-
erated redistribution from the intravascular space and increased catabolism.

21.3.1  Oncotic Pressure and Albumin

Albumin is responsible for approximately 80% of plasma oncotic pressure and one 
of the prime factors stimulating its synthesis is indeed oncotic pressure [3]. Two 
thirds of albumin-related oncotic pressure are attributed to its molecular weight of 
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66.5 kDa, which is less than half that of a gamma globulin (160 kDa) with an esti-
mated osmotic activity per gram about 2.3 times higher than globulins. The other 
one third comes from the high negative charge carried by albumin at physiological 
pH, which holds sodium ions in its field without binding them, leading to a further 
increase in the intrinsic osmotic activity of albumin (Gibbs-Donnan effect). 
Notably, albumin is also the predominant protein in the interstitium and contributes 
to the interstitial oncotic pressure. Therefore, the colloid osmotic gradient across 
the capillary membrane is a more relevant determinant of fluid shift from and 
towards the interstitium, than its absolute plasma concentration. Moreover, the 
oncotic pressure difference pertinent to fluid homeostasis is not built up between 
the intravascular and the interstitial tissue spaces, but within a small protein-free 
zone beneath the glycocalyx surface layer. As a consequence, the prevailing oncotic 
gradient opposing fluid filtration originates from the sub-glycocalyx space and 
replaces the classical Starling model. Moreover, only a small amount of fluid from 
the interstitial space enters the circulation through a small number of large pores 
while the great majority of the interstitial fluid returns to the circulation as lymph 
fluid [13]. Albumin solutions most commonly used in clinical practice have con-
centrations of 5% or 20%, which represent approximately 1.2 and 5-times the 
physiological concentration in the plasma. At the highest concentration, albumin 
exerts 75–113 mmHg of oncotic pressure, justifying its use as plasma expander. In 
comparison to albumin 20%, all artificial colloids are provided at a lower concen-
tration; HES and gelatins but not dextran 40 are characterized by a lower contribu-
tion to plasma oncotic pressure, and gelatins and dextran but not HES have a lower 
molecular weight.

21.3.2  Non-oncotic Properties of Albumin

During the past decade, better understanding of the structure of albumin and its 
functions has led to the concept that albumin, in addition to its oncotic function, has 
multifunctional properties ranging from immune regulation and endothelial stabili-
zation to being a molecule that works in the intracellular compartment to modify 
several key pathophysiological mechanisms [3]. Among the various pleiotropic 
functions of albumin, one of the most relevant for its use during fluid resuscitation 
regards its capacity to bind to endothelium via the glycocalyx, despite both possess-
ing a negative charge. Thus, albumin may increase glycocalyx stability, hinder its 
degradation, and, consequently, alter the permeability of these layers to macromol-
ecules and other solutes and reduce vascular permeability [3]. By contrast, the sys-
temic inflammation and oxidative stress present in critically ill patients induce and 
promote endothelial dysfunction. Apart from its direct role on endothelium preser-
vation, albumin also acts as a major and predominant antioxidant exerting a gluta-
thione-linked thiol peroxidase activity that contributes to modulate inflammation, 
reduce oxidative damage, and interfere in neutrophil adhesion with the beneficial 
effect of stabilizing the endothelium [3]. Interestingly, the protective effect of albu-
min on endothelial dysfunction was shown in endotoxemic mice receiving 4% 
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albumin, but not in those treated with 20% albumin or normal saline solution, sug-
gesting a dose-dependent effect [14, 15]. Poorly understood properties of albumin 
include its anticoagulant and antithrombotic functions that seem partly related to its 
ability to bind nitric oxide (NO) in position Cys-34 but also associated with the 
neutralization of factor Xa and the inhibition of platelet-activating factors [3]. At the 
same time, there is no evidence of an increased risk of bleeding associated with 
albumin administration. Therefore, given the tendency of crystalloids to induce a 
moderate hypercoagulable state with a 10–30% hemodilution [16], the increased 
tendency of bleeding described with HES [17], and frequent coagulation disorders 
present in critically ill patients, the hemostatic effect displayed by albumin may be 
beneficial.

21.4  History of Fluid Management in Recent Decades

21.4.1  The Albumin Fall

There has been considerable debate over the last 30 years or more in relation 
to the best type of fluid to use for fluid resuscitation. In order to better under-
stand the actual situation it is worthwhile to summarize the events. Despite the 
development of synthetic plasma expanders (dextrans, gelatins and starches) 
from the 1950s onwards, albumin retained its status as the plasma expander 
of choice well into the 1990s. Inconsistent evidence on its efficacy, relative 
or otherwise, and even scientific fraud regarding its safety [18] did not impact 
on this status. Its safety from pathogen submission appeared high, with only 
one incident, due to a breakdown in good manufacturing practice, reported in 
50 years. Albumin’s status appeared unquestioned until, in 1998, the publica-
tion of a meta-analysis from the Cochrane collaboration claimed an increase in 
mortality by 6% when using albumin across a series of randomized controlled 
trials (RCTs) over a 40-year period [19]. The consequences of those findings 
had a dramatic impact on albumin use, especially in the UK where use of albu-
min decreased by 40–45% in the six months after publication [20]. Subsequent 
meta-analyses of trials using more modern albumin preparations [21], as well 
as pharmacovigilance data of adverse events associated with albumin admin-
istration did not confirm the Cochrane meta-analysis findings [22]. In 2004, a 
large RCT in Australia and nearby countries compared 4% albumin and normal 
saline in a large and heterogeneous population of intensive care patients. The 
designated endpoint was mortality and the results showed equivalent outcomes 
between the two therapies, giving some comfort to each side of the albumin 
debate: albumin appeared safe but no better in therapeutic effect than normal 
saline [23]. Subsequent to this study, albumin use has increased, but has not 
recovered to previous levels. Moreover, from the end of the 1990s, albumin’s 
position in the therapeutic armamentarium was challenged by cheaper synthetic 
colloids, particularly ‘third generation’ HES preparations. However, another 
turning point in the history of fluid therapy was approaching.
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21.4.2  The ‘HES Ban’: Do Hemodynamics Matter?

Between 2008 and 2012, the results from five RCTs comparing colloid versus crys-
talloid use during fluid resuscitation in critically ill patients were published [17, 
24–27]. Three of the five trials (VISEP, CHEST, and 6S) showed that HES was 
associated with worse patient prognosis and increased recourse to renal replacement 
therapy (RRT), although no objective criteria were implemented for its use [17, 24, 
25]. Ninety-day mortality was higher in the HES group than in the crystalloid group 
in two studies [24, 25]; however, in one study the difference was not statistically 
significant [24]. Among the HES group, a 1.5-fold increased risk of bleeding was 
reported in the 6S trial [17] and more adverse events were reported with HES in the 
CHEST study [25]. In the other two studies, the FIRST trial compared resuscitation 
in patients with either blunt or penetrating trauma and described similar mortality in 
the two groups, with an increased risk of renal injury but not RRT in the saline 
group [26]. The CRYSTMAS study reported a lower fluid volume administered in 
the HES group than in the crystalloid group to reach hemodynamic stability [27], a 
finding also supported by the VISEP study [24]. However, the HES group required 
significantly more blood products than the crystalloid group in two studies [25, 26]. 
In June 2013, based on a review of existing studies, both the EMA and the FDA took 
the initiative to strongly discourage use of HES, respectively suspending marketing 
and issuing a ‘black box’ warning. In October 2018, a reassessment of the previous 
decision was performed in consideration of the recently published CRISTAL trial in 
which colloids (HES, gelatins and albumin) were compared to crystalloids among 
patients with hypovolemic shock. The results showed a significantly lower fluid 
volume administered to the colloid group associated with better survival and no 
increased risk in terms of kidney failure compared to crystalloids [28]. Moreover, 
90-day mortality was significantly lower among patients receiving HES than in 
patients treated with crystalloids only. The EMA revised its original recommenda-
tion and allowed use of HES for resuscitation in patients with severe hypovolemia 
but required extended monitoring of kidney function. As a consequence, the use of 
HES has decreased substantially across Europe, although it continues to be used 
widely in Asia. Despite the decision of the EMA and the FDA, the debate on which 
type of fluid to use in the resuscitation phase is still open [29–31]. On one side, sup-
porters of the ‘HES-ban’ rely on the high quality and strong results from RCTs [30], 
but on the other side, major concerns are raised against the decision of the regula-
tory agencies because of the lack of need of fluid resuscitation at the time of ran-
domization for patients in the studies showing a negative impact of HES as well as 
impropriety in data handling [29, 31]. Indeed, baseline hemodynamic variables of 
patients enrolled in the CRISTAL and FIRST trials described study populations 
with systemic hemodynamic impairment at the time of randomization that was 
unlikely in the other studies (Table 21.1). Compared with the other studies, patients 
enrolled in the CRISTAL and in the FIRST study had, approximately, a mean arte-
rial pressure (MAP) 10 mmHg lower and a central venous pressure (CVP) from 
1–3 to 4–6 mmHg lower. The lactate concentration and the heart rate were higher in 
FIRST than in all the other trials (Table 21.1). Moreover, only the CRISTAL trial 
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included patients with no fluids for resuscitation prior to randomization during their 
ICU stay and reported the amount of fluid received by patients in the 12 h before 
ICU admission whereas other studies (not all) reported a fluid volume administered 
before randomization in the ICU that ranged in average from 500 to 1000 mL just 
of colloids excluding crystalloids in approximately 50% of the patients 
(Table  21.1). In the VISEP study, it is noteworthy that the dose limit for HES 
(20 mL/kg/day) was exceeded by more than 10% on at least 1 day in 100 of 262 
patients in the HES group with a median cumulative dose of 70  mL/kg [24]. 
Unfortunately, other variables describing the hemodynamic status are available 
for comparison in the published material only for the CRISTAL trial [31]. 
Obviously the impact of findings provided by the described RCTs and the initia-
tive taken by the EMA and FDA had a dramatic impact on the type of fluid used 
in clinical practice [32]. Data from 84 ICUs in 17 countries showed that the pro-
portion of patients that received crystalloids for fluid resuscitation was 43% in 
2007 and 72% in 2014. Correspondingly, the use of colloids decreased from 62% 
to 31% in the same period. Among fluid resuscitation using colloids, the propor-
tion of events in which albumin was administered increased from 38% in 2007 to 
87% in 2014 resulting in a decrease of HES and gelatin from 35% and 26% in 
2007 to 7% and 5% in 2014, respectively [32]. This worrying reaction to these 
trials led to concerns being voiced in an open letter by European Societies of 
Anesthesiology who argued for continued availability of HES for the treatment of 
hypovolemia [33]. Currently, despite the open debate and the ongoing production 
of opinion papers and reviews on fluid management including the discussion 
about which fluid should be used, the restrictions decided by the EMA and initial 
evidence from a RCT about the harmful effects of normal saline 0.9% [1] limit the 
choice to either balanced crystalloid solutions or albumin.

21.5  Current Indications for Albumin Use in Clinical Settings

Albumin is used for different indications in clinical practice, although its efficacy is 
not always supported by evidence. Hepatology is the field where international 
guidelines recommend albumin administration for specific indications, because its 
efficacy has been documented by RCTs and meta-analyses. The main indications in 
cirrhotic patients are based on albumin’s capacity to act as a plasma-expander and 
the aim to treat or prevent clinical complications all characterized by extreme effec-
tive hypovolemia, such as preventing post-paracentesis circulatory dysfunction and 
renal failure induced by spontaneous bacterial peritonitis [34]. Similarly, albumin is 
indicated, in association with vasoconstrictors, to treat hepatorenal syndrome [34]. 
Finally, although using albumin to correct hypoalbuminemia is an inappropriate 
indication, two recently published multicenter RCTs examining effectiveness of 
long-term albumin administration among patients with liver cirrhosis and persistent 
uncomplicated ascites provided new findings for discussion [35, 36]. Indeed, 
Caraceni et  al., using a protocol with more frequent administration of albumin 
(human albumin 40 g twice weekly for 2 weeks, and then 40 g weekly), were able 
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to significantly increase albumin concentration in the treatment group compared to 
a standard medical treatment group with concomitant improvement in survival [35]. 
In a similar study by Solà and colleagues, both groups (placebo or albumin 
40 g/15 days plus midodrine 15–30 mg/day) increased albumin concentration in a 
similar manner and there was no difference in the development of complications 
among the two groups [36]. Hopefully, the upcoming PRECIOSA trial will provide 
conclusive evidence on the topic (ClinicalTrials.gov Identifier: NCT03451292).

Apart from hepatology, there is no other specialty where indications for albumin 
administration have such strong recommendations. In intensive care, albumin has 
been used for many decades in a large number of conditions during fluid resuscita-
tion or in acute clinical situations associated with hypoproteinemia. In the most 
recent guidelines of the Surviving Sepsis Campaign, there is a weak recommenda-
tion for albumin use in addition to crystalloids for initial resuscitation and subse-
quent intravascular volume replacement in patients with sepsis and septic shock 
when patients require substantial amounts of crystalloids [37]. Other licensed indi-
cations for albumin administration, such as in burns and hypoalbuminemia, were 
not supported by meta-analyses [38]. Existing studies examining the appropriate-
ness of albumin prescription showed that albumin orders for an indication not sup-
ported by clinical evidence range from 40% to more than 90% but may improve 
with the implementation of internal practice guidelines [39, 40].

21.6  Evidence on Efficacy of Albumin Administration 
for the Treatment of Hypovolemia

Several meta-analyses have been published regarding albumin administration in 
critically ill patients since 1998 when the Cochrane meta-analyses reported higher 
mortality in patients receiving albumin [19]. The most common conclusion is that, 
except for patients with brain injury, albumin solutions as part of fluid expansion 
and resuscitation for critically ill patients seem to be safe with a potential positive 
effect in patients with severe sepsis. However, although meta-analyses may benefit 
from pooled data and robust estimates, the downside is that evidence comes from 
largely heterogeneous populations and interpretation is difficult from a physiologi-
cal perspective. In the present section, we examine whether existing studies support 
the hypothetical advantages of albumin administration in the resuscitation phase 
mentioned previously.

To our knowledge, only four RCTs have been published examining albumin 
administration in critically ill patients and none had hemodynamic endpoints [23, 
28, 41, 42]. Among the four previous studies, the SAFE study was the only one 
specifically assessing the role of albumin versus 0.9% NaCl in the context of fluid 
resuscitation in critically ill patients [23] while the CRISTAL trial included albumin 
among other colloids in the treatment group [28]. The two remaining studies had, as 
the primary aim, replenishment of albumin [41, 42]. Unfortunately, hemodynamic 
data about patients treated with albumin were available only in the SAFE and in the 
ALBIOS trial [23, 42] (Fig. 21.1). Because of heterogeneity in inclusion criteria and 
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different study aims, possible differences regarding baseline hemodynamic status of 
the study populations should be examined. Indeed, patients included in the SAFE 
and in the ALBIOS studies had similar or lower heart rate, higher CVP, higher MAP 
and greater urinary output than patients in the FIRST and in the CRISTAL studies 
(Table 21.1). Such differences could, again, suggest non- hypovolemic populations 
at time of randomization in the two studies investigating albumin administration. Of 
note, requirement for fluid resuscitation was not among the inclusion criteria of the 
ALBIOS study [42].

Compared with crystalloids, albumin should have been associated with a more 
efficient volume expanding effect. However, the ratio of the volume of albumin to 
the volume of crystalloids administered in the SAFE (first 4  days) and in the 
ALBIOS (first 7 days) studies was lower than expected being, respectively, 1:1.4 
and 1:1 [23, 42]. On day 1, the albumin to crystalloid ratio was 1:1.3 in SAFE and 
1:1 in ALBIOS. The reported differences between the two studies could be related 
to the degree of impairment of capillary permeability being less severe in patients 
included in the SAFE study than in the ALBIOS study.

The HES to 0.9% NaCl ratio reported in the CRYSTMAS study examining the 
hemodynamic efficacy of 6% HES in patients with severe sepsis was 1:1.2 for the 
volume necessary to reach hemodynamic stability and 1:1 over the entire study 
period [27]. Looking at the hemodynamic trends in the two studies, albumin admin-
istration was associated with a higher CVP (11.2  ±  4.8 vs. 10.0  ±  4.5  mmHg, 
p < 0.001) and lower heart rate (88.0 ± 20.2 vs. 89.7 ± 20.8 beats/min, p < 0.001) on 
the first day of treatment in SAFE, although the absolute difference was small 
(Fig. 21.1). In ALBIOS, over the first 7 days after randomization, patients in the 
albumin arm experienced lower heart rate, higher CVP, higher MAP and a shorter 
duration of vasopressor therapy. However, differences in the parameters were small 
and mostly attributable to changes occurring in the 6  h after randomization and 
normalized afterwards suggesting a role of albumin as a fluid expander limited to 
the first hours after administration. Interestingly, similar to what has been pointed 
out for some of the RCTs looking at HES, patients randomized to albumin received 
more red blood cells (RBCs) both in the SAFE and in the ALBIOS studies than 
patients assigned to the crystalloid group. Only a trend in serum lactate was reported 
in the ALBIOS trial, being in general 0.1 mmol/L lower in the albumin group.

Regarding clinical endpoints, there was no improvement in terms of 28-day mor-
tality for the albumin group in the SAFE and in the ALBIOS studies. The subanaly-
sis of the CRISTAL study comparing albumin with normal saline did not show 
significant differences among the groups for 28- or 90-day mortality, although sug-
gested a superior effect for HES (relative risk 0.79; 95% confidence interval (CI): 
0.66–0.95) over albumin (relative risk 1.02; 95% CI: 0.69–1.50) on 90-day mortal-
ity [28]. However, patients randomized to albumin were markedly fewer than those 
randomized to HES, potentially introducing unequal distribution of confounding 
factors. In the SAFE trial, albumin administration had a tendency towards a benefi-
cial effect on 28-day survival among septic patients but an opposite effect in trauma 
patients with brain injury [23]. According to the results published by Semler et al. 
in 2018, septic patients showed a 30-day in-hospital mortality of 25.2% when 
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administered fluids (resuscitation fluid, maintenance fluid, packed red blood cells) provided in the 
published manuscripts. Therefore, it was not possible to provide error bars. Hemodynamic param-
eters and serum albumin are reported as mean and standard deviation for both trials. Data were 
extracted from the supplement material Tables S3 and S4 of the ALBIOS trial and from Table 2 of 
the SAFE trial
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randomized to balanced crystalloids compared to 29.4% with 0.9% NaCl (adjusted 
odds ratio 0.80; 95% CI: 0.67–0.97) [1]. These findings provide the rationale to re- 
consider the results of the SAFE trial not because of the beneficial effect of albumin 
but the detrimental effect of saline. Consistent with this, findings from the ALBIOS 
trial published in 2014 showed no improvement in mortality among septic patients 
treated with albumin compared to crystalloids [42]. But in a subanalysis considering 
only patients with septic shock, albumin was associated with better 28-day mortal-
ity (relative risk 0.87, 95% CI: 0.77–0.99) but there were no analyses stratified by 
the type of crystalloid administered. However, data comparing fluid expanding 
effects among albumin and other colloids during fluid resuscitation are lacking. 
Unfortunately, based on data available from existing studies it is not possible to 
examine whether the studies supported speculated non-oncotic properties of albu-
min. Moreover, an observational study in patients undergoing cardiac surgery sug-
gested a dose-dependent risk of acute kidney injury associated with albumin 
administration and not with 6% HES [43].

In conclusion, there is a lack of knowledge about the best strategy for albumin 
administration: bolus versus continuous infusion, high versus low rate of infusion, 
albumin concentration, and types of target (hemodynamic vs. serum concentration). 
The infusion rate issue will be addressed by the AIR trial (ClinicalTrials.gov 
Identifier: NCT02728921) among patients following non-emergent major abdomi-
nal surgery. However, although the trial was concluded in November 2016, no 
results are available yet. Future studies should take into consideration albumin 
administration modalities in the study design. Of note, we decided not to discuss 
recombinant human albumin due to the lack of evidence in clinical use. However, in 
view of the therapeutic limitations of human albumin described in this chapter, 
recombinant albumin dimers (molecular weight 130  kDa) appear a promising 
plasma expander in the presence of severe capillary leakage [44].

21.7  Concerns Raised About Commercial Albumin Solutions

Currently available albumin solutions are developed using various techniques, such 
that there is worldwide variation between manufacturers in terms of manufacturing 
standards, use of stabilizers, protein content and composition, binding capacity, 
metal ion content, antioxidant properties, charge, capacity to bind drugs, and so 
forth. Unfortunately, there are few data available about the compositions of the dif-
ferent albumin solutions and whether or how this may impact on its clinical effects. 
Interestingly, although we have demonstrated that the rationale for albumin admin-
istration in critically ill patients is not exclusively associated with its oncotic proper-
ties, the FDA does not require clinical efficacy data for commercialization of 
albumin products. Indeed, the FDA only requires at least 95% of the total protein in 
the final product to be albumin and assumes albumin has a well-established safety 
and efficacy profile because of extensive clinical experience with the product. 
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Therefore, no new clinical efficacy data are required for the approval of new thera-
peutic albumin (natural source) products since the mechanism of action of therapeu-
tic albumin in support of colloid osmotic pressure is well understood and albumin 
products are purified using well-established and consistent manufacturing methods 
[45]. There are some concerns that arise from the above considerations. First, sev-
eral methods have been validated and applied for manufacturing albumin and those 
methods may be associated with different adverse event patterns [46] or have differ-
ent impact on albumin degradation and, consequently, on its properties. Albumin 
solutions are available in various formulations with different concentrations and 
differences in electrolyte composition of the ‘solvent’ employed have been reported 
[47]. Large and potentially clinically significant differences in albumin oxidative 
status were reported in commercial albumin solutions compared with albumin from 
healthy individuals, between manufacturers, and even between batches produced by 
a single manufacturer [48, 49]. Finally, commercial albumin solutions have been 
found to have a potential immunosuppressive role in vitro [50].

21.8  Conclusion

To summarize, from a theoretical point of view albumin may, due to a range of 
characteristics, be considered the fluid of choice to treat hypovolemia in critically ill 
patients. However, the advantages of albumin as a plasma expander compared with 
crystalloids seem to be correlated with the capillary permeability, being maximum 
in healthy individuals and decreasing according to the disease severity of patients. 
Existing evidence does not suggest a clear superiority of albumin in comparison 
with other colloids, reporting similar albumin to crystalloid volume ratios and simi-
lar increased requirement of RBC administration. Analyses of commercial solutions 
have raised concerns about the capacity of albumin to carry out pleiotropic func-
tions promoted as beneficial, especially in septic patients. The present review high-
lights the need for future studies with well-defined inclusion criteria able to 
guarantee the enrollment of hypovolemic patients and to limit fluid administration 
before randomization, a fluid resuscitation phase driven by hemodynamic targets, 
and endpoints able to evaluate possible benefit associated with non-oncotic proper-
ties of albumin.
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22What the Intensive Care Physician 
Should Know About the Transurethral 
Resection Syndrome

R. G. Hahn

22.1  Introduction

The transurethral (TUR) syndrome is caused by absorption of fluid used to irrigate 
the operating field during endoscopic surgery. The intensivist and the anesthetic 
team should be able to successfully master this complication, which has good prog-
nosis if diagnosed and treated early. Parts of the pathophysiology and the best treat-
ment of the TUR syndrome have not been clarified until recently.

22.2  History, Surgeries and Types of Absorption

Endoscopic monopolar electroresection for resection of benign prostatic enlarge-
ment was pioneered by American urologists in the 1930s. About 10  years later, 
Creevy [1] described a hemolytic syndrome with kidney failure that could be related 
to the sterile water used for irrigation of the bladder. From the early 1950s and 
onward, various non-electrolyte solutes, such as glycine, glucose, mannitol, and 
sorbitol, were added to the irrigating fluid to avoid this hemolysis. However, the 
iatrogenic complication continued to cause trouble, despite the absence of hemoly-
sis. The first clinical description of the TUR syndrome, as we know it today, was 
published in 1956 by Harrison et  al. [2]. They suggested that the syndrome was 
caused by absorption of at least 3 L of irrigating solution, and they estimated the 
incidence of the complication to be 10% of the prostatic resections performed.

During the 1970s, the view of the TUR syndrome was that it was essentially a 
yes/no complication, almost like an allergic reaction. Later research, using methods 
to quantify fluid absorption, associated an increasing number and severity of 
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symptoms with a gradual increase in the amount of absorbed fluid [3]. This fluid can 
be absorbed in two ways. The most common route is by direct inflow to the peri-
prostatic veins, which then requires a fluid pressure that exceeds the venous pres-
sure (‘intravascular absorption’). More rarely, fluid enters the body through 
instrument-induced perforations of the prostatic capsule of the bladder, which cause 
large amounts of irrigating fluid to be deposited in potential periprostatic tissue 
spaces (‘extravascular absorption’) [3, 4]. From there, the fluid slowly diffuses 
throughout the body fluid compartments.

Fluid absorption can occur during all operations where irrigation of an operating 
field is combined with electrocautery, with the best known being transurethral resec-
tion of the prostate (TURP). Since the late 1980s, transcervical resection of the 
endometrium (TCRE) has become a common surgical approach to alleviate men-
strual bleeding causing anemia, and the TUR syndrome can also occur in these 
patients [5–7]. One difference from TURP is that perforations during TCRE com-
monly result in deposition of irrigating fluid in the intra-abdominal cavity.

Most studies of fluid absorption deal with the use of electrolyte-free irrigat-
ing fluids and most were published in urology journals at the end of the past 
decade. The clinical scenario has changed in recent years, as the introduction of 
the bipolar resection technique allows the use of electrolyte-containing irrigat-
ing solutions, most commonly isotonic saline [8]. Perhaps half of the endo-
scopic resections performed in Europe today are performed with the bipolar 
irrigation technique.

22.3  Symptoms

Absorption of up to 1 L of irrigating fluid, such as 1.5% glycine, does not have 
untoward consequences, whereas uptake of between 1 and 2 L results in increased 
postoperative incidence of nausea, vomiting, bradycardia and arterial hypotension. 
The risk of these symptoms increases sevenfold when compared to when 0–300 mL 
is absorbed [3]. Absorption of more than 2 L may further be followed by depressed 
consciousness, dizziness and confusion. Rapid absorption often causes restlessness 
on the operating table and, more rarely, overt pulmonary edema [9].

The cut-off for the full-fledged TUR syndrome in men is when more than 3 L of 
fluid is absorbed. The patient may undergo a transient phase of hypertension that, 
typically, suddenly changes into a hypotensive state. The other chief symptoms are 
confusion, depressed or loss of consciousness and oliguria [3]. However, the full- 
fledged TUR syndrome may also present as a sudden cardiac arrest on the operating 
table that is preceded by only scant warning signs, if any [10, 11].

Extravascular absorption is characterized by a swollen abdomen and a delayed 
onset of symptoms, where arterial hypotension is prominent [3].

The likelihood of occurrence of nausea and depressed consciousness is lower for 
3% mannitol than for 1.5% glycine, but the incidence of circulatory symptoms is 
similar [12]. Reliable comparative data for sorbitol solutions are scarce, particularly 
for large-scale absorption [13].
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Visual disturbance, which may proceed to transient blindness, is a symptom 
peculiar to glycine absorption [14, 15] and sometimes occurs in response to only a 
few hundred milliliters of this fluid [16]. This complication might be frightening but 
the condition resolves spontaneously within 24 h.

Symptoms from absorption of electrolyte-containing solutions consist of agita-
tion, shortness of breath, a sense of being swollen, and other signs associated with 
volume overload [8, 17]. Only a few studies report actual measurements of saline 
absorption and compare them with symptoms.

Mild forms of the TUR syndrome are often overlooked and interpreted as being 
due to anesthesia, old age or medication. The mild forms typically appear in the 
postoperative unit 30–60 min after the surgery ends. More severe forms of the syn-
drome become apparent during the surgery and the symptoms become more severe 
during the postoperative period.

22.3.1  Pathophysiology of Neurological Symptoms

Absorption of electrolyte-free irrigating fluid induces acute hyponatremia, which is 
crucial to the symptomatology. If measured at the end of surgery, 2 L of irrigating 
fluid depresses plasma sodium by 10–12 mmol/L in men [18] (Fig. 22.1a) and by 
almost 20 mmol/L in women [20]. Rapid absorption induces a greater decrease. 
Plasma sodium <130 mmol/L is usually symptomatic and is associated with dizzi-
ness, lethargy and confusion. The clinical picture becomes aggravated if plasma 
sodium falls <120 mmol/L, and it might then also include epileptic seizures [21, 
22]. Hyponatremia causes brain edema, which might cause death 6–8 h after the 
surgery.

Irrigating fluid also causes hypo-osmolality, as the fluids (except mannitol 5%) 
are hypo-osmolar. The reduction in osmolality is typically in the range of 10–15 mos-
mol/kg in cases of large-scale absorption. A greater depression of serum osmolality 
worsens the symptomatology.

The metabolism of glycine is troublesome in about 10% of humans. In these 
patients, even a moderate load of this amino acid (about 1 L of 1.5% glycine solu-
tion) causes hyperammonemia, which clearly aggravates any hyponatremia-induced 
nausea and dizziness [15, 23, 24].

22.3.2  Pathophysiology of Circulatory Symptoms

The origin of the cardiovascular complications of fluid absorption and their treat-
ment has long been controversial. Intravascular fluid absorption causes an acute rise 
in central venous pressure (CVP), at 2–3 mmHg for absorption of 500 mL over 
10 min [25], while cardiac output can increase or decrease. The transient hyperten-
sive phase, which may be seen in patients with minor blood loss, can be explained 
by the marked hypervolemia that prevails at the time [15]. However, the transition 
into a hypotensive state has been difficult to understand.
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The modern view is that the hypotensive phase is the result of paradoxical hypo-
volemia, which arises because electrolyte-free irrigating fluids induce osmotic 
diuresis and also (except mannitol 5%) enter the cells. Ninety minutes after an 
absorption event, the entire inflicted hyponatremia appears to be due to natriuresis 
alone [26]. Experiments in pigs showed, based on volume kinetic analysis, that dif-
fusion of fluid into the cells results in a flow of fluid from the plasma to the intersti-
tium that is not balanced by a return flow back to the plasma. The brisk osmotic 
diuresis and the lack of back-flow both contribute to the development of hypovole-
mic hypotension [27]. Recent microcirculatory studies suggest that ‘back- flow’ 
from the interstitium is transmitted via the lymphatics [28]; therefore, we may 
assume that the normal lymphatic flow is interrupted in this syndrome.

Absorption of electrolyte-containing irrigating fluid does not induce hyponatre-
mia. Here, the problem is the volume overload that results in cardiovascular strain 

a

b

Fig. 22.1 (a) Decrease in 
serum sodium at the end of 
transurethral resection of 
the prostate (TURP), when 
various volumes of 1.5% 
glycine had been absorbed. 
The volume of irrigant 
absorbed was measured 
volumetrically after 
correction for admixture 
with blood in the fluid 
returns. Data stem from 
clinical trials of irrigating 
fluid containing 1% 
ethanol as a marker of 
absorption. (b) Fluid 
absorption is larger in 
smokers and past smokers 
than in those who have 
never smoked. Data from 
1034 patients where fluid 
absorption was quantified 
by the ethanol method 
[19]. Overall, half of the 
patients showed absorption 
and about 10% absorbed a 
volume >1 L
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and pulmonary edema. Other issues are the same as those reported when saline is 
used as an infusion fluid, namely metabolic acidosis and impaired kidney function. 
As with electrolyte-free fluids, rapid absorption far in excess of 3 L disrupts the 
cytoarchitecture of the tissues, which is most crucial to heart function. 
Electrocardiographic changes occur, and death might ensue [29].

The literature contains many Case Reports with fatal outcomes [30–33]. If car-
diac arrest does not occur on the operating table [10, 11], poor outcome is most 
commonly associated with a ‘doctor’s delay’ in treatment. Mortality of the severe 
TUR syndrome is estimated at 25% [34]. The cause of death is either cardiovascular 
collapse or brain herniation.

22.4  Incidence

Prospective studies in the 1980s and 1990s showed that fluid absorption large 
enough to cause symptoms (>1 L) occurred in approximately 2–10% of the TURPs 
performed [12, 13, 35], although both higher and lower figures have been pub-
lished. Absorption often occurs very rapidly once it is initiated (0.5–2  L per 
10  min). The full-fledged TUR syndrome, requiring intensive care, is usually 
reported to occur in a range of 1/300–1/500 of TURP cases. Data from the present 
millennium are lacking.

Many authors have claimed that the TUR syndrome has disappeared with the 
use of the bipolar resection techniques because hyponatremia no longer occurs. 
However, measurements with tracers suggest that absorption is just as common as 
with electrolyte-free irrigating fluids [8, 36, 37], although the symptoms are not 
as severe.

Fluid absorption in TCRE is in the range of that reported for TURP [5, 7], 
although the incidence is believed to have decreased with the use of better resection 
instruments and monitoring. Menstruating women are more prone than men to 
develop brain injury in response to hyponatremia [38], making fluid absorption a 
more serious issue. Istre et al. [20] used computed tomography (CT) scans to dem-
onstrate brain edema in TCRE patients after absorption of as little as 1 L of 1.5% 
glycine.

22.5  Monitoring

Spinal anesthesia is traditionally recommended for endoscopic operations because 
the earliest signs of the TUR syndrome (restlessness, nausea and a sensation of 
being swollen) can be detected during the actual surgery.

Measuring plasma sodium is the most popular way to confirm or refute that 
fluid absorption has occurred. This is usually done at the end of surgery. No prac-
tice of bedside monitoring with repeated measurements of plasma sodium has 
been adopted, which is probably due to the effort involved and the invasive nature 
of the test.
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The use of saline for irrigation with the bipolar resection technique precludes the 
use of plasma sodium for this purpose. However, large-scale absorption of saline 
can be quantified by measuring plasma chloride, which is abundant in isotonic 
saline [17].

Several types of perioperative monitoring have been developed. The most 
widely used is volumetric fluid balance, which means that all fluids used are 
compared with the volumes recovered [25]. This method is fairly accurate during 
TCRE, whereas the results during TURP are more easily confused by spillage on 
the floor and admixture of the irrigating fluid returns with blood. Automatic sys-
tems for calculation of the volumetric balance during TCRE are commercially 
available.

Placing the patient’s bed on an electronic scale during surgery has also been used 
[13]. This allows immediate detection of fluid absorption, but useful results can be 
obtained only when the bladder has been emptied.

Ethanol monitoring relies on the addition of ethanol to a concentration of 1% in 
the irrigating fluid and repeated measurements of the ethanol concentration in the 
patient’s exhaled breath during surgery. This method was evaluated in clinical trials 
in the late 1980s and was found to be reliable during TURP [18, 39] and TCRE [7]; 
it can be used during spinal as well as general anesthesia. As for serum sodium, dif-
ferent patterns are found for the intra- and extravascular absorption types. The rec-
ommendation is to alert the surgeon to any ongoing absorption when 1 L has been 
taken up, and to conclude the operation (if possible) when 2 L has been absorbed 
[35]. Automatic systems for ethanol monitoring have been developed, but have not 
reached the market [40].

Both the anesthetist and the surgeon need to agree upon a monitoring 
approach. Historically, anesthetists have been interested and have understood 
the value of monitoring, while, at least in urology, most surgeons have resisted 
this use. The reason is that urologists regard fluid absorption as evidence of poor 
surgical skill, a ‘beginner’s’ problem. Even without measuring fluid absorption, 
it is common to state that this complication does not exist at their particular 
institution.

22.6  Precautions

Fluid absorption is more common during lengthy surgery and typically arises when 
a temporary increase occurs in surgical bleeding [25, 35]. As a precaution, an oper-
ating time of less than 1 h is recommended.

Keeping the fluid pressure low limits or even prevents intravascular, but not 
extravascular, absorption, which is a fact used in continuous-flow and low-pressure 
irrigation systems. The problem with continuous-flow systems is that the pressure 
might suddenly become high if a blood clot prevents free outflow from the bladder. 
Therefore, a low pressure and absence of fluid absorption may not be guaranteed at 
all times.
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Smoking is a patient factor that has been associated with greater absorption [19] 
(Fig. 22.1b). The reason is unclear but could possibly be related to hypertrophy of 
the prostatic veins.

Lowering the fluid bag to 60 cm above the operating table has been used to con-
trol absorption since the 1970s. The effectiveness of this precaution depends on 
which fluid pressure the surgeon is accustomed to using. This pressure is usually 
much lower than the one allowed by the height of the fluid bag.

Several surgical techniques have been developed to replace TURP and TCRE, 
often with the outspoken goal of limiting fluid absorption. One such technique is 
vaporization. Although the alternatives may reduce absorption, they have not abol-
ished this complication [36].

22.7  Treatment

Hypertension and difficulties in breathing during surgery should only be treated by 
lowering the legs from the stirrups, since these problems are most likely transient. 
Within 10–15 min after the end of surgery, the typical scene is that of bradycardia 
and arterial hypotension [15]. Treatment consists of a bolus of colloid fluid and, if 
insufficient, in infusion of a vasopressor. Intravenous calcium is also warranted, due 
to the dilution effect of the absorbed fluid.

An infusion of 100  mL of hypertonic saline (3–7.5%) should be initiated. 
Hypertonic saline might cause demyelination if given rapidly in chronic hyponatre-
mia, while there is no evidence of this problem in acute hyponatremia [22, 41]. 
Therefore, giving the hypertonic fluid as a bolus infusion is not contraindicated. The 
saline withdraws fluid from the cells, increases the blood volume, and restores uri-
nary excretion [42]. Correction of plasma sodium should stop when the concentra-
tion reaches 130 mmol/L.

In addition, only supportive means are indicated, such as antiemetics in case of 
nausea and mechanical ventilation if the patient becomes unconscious.

With no other evidence than logic, urological textbooks often recommend furo-
semide as the only treatment. The hyponatremia is assumed to be due to dilution 
alone, which is not true, and the blood volume is assumed to be increased, which 
is only the case during the actual period of absorption. Therefore, diuretics should 
be avoided in the initial phase. Early treatment with furosemide aggravates the 
hypotension [43], which is probably due to the osmotic diuresis, which is accom-
panied by marked loss of sodium ions, as well as the intracellular uptake of water. 
Hence, the body has a high content of water but the water is allocated to the wrong 
compartment. The content of extracellular electrolytes is reduced and, therefore, 
the plasma volume is on the low side. Hence, diuretics should be postponed until 
the hemodynamic situation is stable and treatment with hypertonic saline has been 
initiated.

The optimal treatment of overload with electrolyte-containing irrigating fluid is 
still poorly understood but should rely on alleviating the circulatory strain with 
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diuretics and perhaps with a vasodilator. The latter type of drug should not be used 
when the absorbed irrigating fluid is devoid of electrolytes.

22.8  Conclusion

The risk of fluid absorption is an inherent danger in endoscopic surgeries where 
electrocutting is performed. More than 1 L of fluid presents a risk of causing symp-
toms and  >3  L causes a more severe clinical picture (the TUR syndrome). 
Electrolyte-free irrigating fluids, which are used with monopolar electrocutting, 
cause a brisk osmotic diuresis and also enter the cells, thereby causing paradoxical 
hypovolemia with arterial hypotension that might be life-threatening. Treatment 
with a vasopressor and plasma volume expansion is more crucial than treatment 
with diuretics, which may be used only in the presence of stable hemodynamics. 
The second treatment consists of hypertonic saline, which does not need to be given 
slowly, to combat cerebral edema.

Absorption of the saline used with bipolar electrocutting is difficult to con-
firm since hyponatremia does not develop. The TUR syndrome is then less 
severe. Symptoms are limited to cardiovascular overload, but the cytoarchitec-
ture of the heart and other organs might still be damaged due to distention by 
absorbed fluid.
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23.1  Introduction

Central venous pressure (CVP) is the blood pressure within the vena cava relative to 
atmospheric pressure. The CVP is determined by the interaction between cardiac 
function and venous return, which in turn are influenced by total blood volume, 
vascular tone, cardiac output, right ventricular compliance and intrathoracic, 
abdominal, and pericardial pressures [1]. When correctly measured, CVP reflects 
right atrial pressure and volume status of the right and, to a lesser extent, the left 
ventricle [2]. In critically ill patients, CVP is used to assess cardiac preload and 
volume status and to assist in the diagnosis of right- and left-sided heart failure.

Adequate fluid loading is the first-line therapy for managing hypotension and 
shock. Expanding intravascular volume will increase stroke volume and cardiac 
output. The endpoint of fluid therapy in shock is to improve and optimize tissue 
perfusion. Measuring CVP is still considered to be useful for guiding fluid resusci-
tation in critically ill patients, especially when followed over time and in combina-
tion with cardiac output recording [3]. However, many studies have reported that 
dynamic measurements (e.g., passive leg raising, pulse pressure [PPV] and stroke 
volume [SVV] variation) better predict the effect of volume substitution than static 
CVP measurements [4].

Fluid administration is also imperative for preventing acute kidney injury (AKI) 
associated with circulatory failure. Maintaining a correct mean arterial pressure 
(MAP) has long been regarded as the primary goal in preventing AKI, especially in 
vasopressor-dependent patients. However, MAP does not reflect changes in renal 
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hemodynamics that determine renal perfusion. Low diastolic arterial pressure, 
decreased mean perfusion pressure, and high CVP were associated with AKI in 
septic and post-cardiac surgery patients whereas a MAP deficit was not [5, 6].

Aggressive fluid resuscitation does not necessarily protect the kidney but may 
augment the risk of AKI by elevating the CVP. de Jong et al. first proposed the terms 
“glomerular pre- and afterload” [7] after showing that an increase in afferent arte-
riolar resistance diminished the transmission of MAP into the glomerular capillaries 
thereby decreasing glomerular capillary pressure by preload reduction. Ostermann 
et al. recently demonstrated that a low mean perfusion pressure, calculated as the 
difference between MAP and CVP, was independently associated with progression 
to AKI stage III [8]. Hence, keeping CVP low will beneficially influence the renal 
perfusion pressure gradient. A detailed discussion on the pathophysiological ratio-
nale of ‘congestive kidney failure’ is beyond the scope of this review. It is important 
to realize that volume (CVP!) has priority over arterial blood pressure in the auto-
nomic regulation of cardiovascular and renal interaction [9].

This chapter will highlight the relationship between CVP and AKI in different 
disease states.

23.2  Sepsis and Septic Shock

Sepsis is the most common cause of AKI in critically ill patients. AKI occurs in 
almost half of patients with septic shock. For a long time, sepsis-induced AKI was 
thought to be a disease of the renal macrocirculation resulting from a decrease in 
renal blood flow, cellular damage and acute tubular necrosis [10]. Treatment aiming 
to prevent or reverse septic AKI therefore primarily focused on improving circula-
tion, perfusion and oxygen delivery. This was accentuated by the Surviving Sepsis 
Campaign guidelines, which recommended early fluid administration targeting a 
CVP of 8–12 mmHg (12–15 mmHg in mechanically ventilated patients) to restore 
tissue perfusion in septic shock [11]. Yet, septic AKI can occur in the absence of 
hypoperfusion [12].

Legrand et al. retrospectively observed a strong association between CVP values 
and the risk of developing new or persistent AKI in 137 septic patients [13]. This 
association remained significant after adjustment for fluid balance and positive end-
expiratory pressure (PEEP) levels. In patients with septic shock and AKI, Wong 
et al. reported a substantial deficit in mean renal perfusion pressure. Patients with a 
greater pressure deficit had higher AKI severity. Only CVP was independently asso-
ciated with AKI progression and worsening [3]. In 124 septic patients, a high CVP 
and renal resistive index and a low diastolic perfusion pressure at admission were 
independent risk factors for sepsis-induced AKI [14]. Elevated CVP is also associ-
ated with increased mortality in pediatric patients with septic shock. Mortality risk 
increased more than twofold in patients with CVP >12 mmHg compared to those 
with minimally elevated CVP [15].

These studies underscore a crucial role for venous congestion and diastolic per-
fusion in the development of septic AKI. Preserving kidney function during sepsis 
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and septic shock highly depends on improvement of renal perfusion pressure. 
However, fluid overload propagates CVP elevation with lowering of diastolic perfu-
sion pressure resulting in diastolic flow reduction. CVP-targeted fluid resuscitation 
in septic shock might thus seriously compromise renal function. This concept is 
supported by recent trials reporting an association between fluid overload and mor-
tality in critically ill patients with AKI or septic shock [16, 17]. From a therapeutic 
viewpoint, it is apparent that aggressive fluid resuscitation and subsequent venous 
congestion should be avoided. Fluid responsiveness should be evaluated better. This 
could be accomplished by using dynamic markers instead of empirically defined 
static measurements for guiding volume loading [18]. In addition, care must be 
taken to mobilize and evacuate excess fluid after successful resuscitation. Different 
strategies can be used to achieve a negative fluid balance and/or to reduce renal 
damage due to ongoing venous congestion (furosemide plus albumin, continuous 
renal replacement therapy [CRRT], hypertonic saline, ….). Randomized controlled 
trials are definitely needed to better determine individualized fluid needs by com-
paring the various methods for assessing fluid responsiveness and to evaluate the 
effect of de-resuscitation therapy on kidney function.

23.3  Left Heart Failure

Renal impairment is common and acts as an independent predictor of mortality in 
patients with acute or chronic heart failure. The term ‘cardiorenal syndrome’ is 
often used to describe worsening renal function despite intensive heart failure ther-
apy. The pathophysiology of cardiorenal syndrome is complex [19]. Acute cardiore-
nal syndrome is characterized by acute heart failure leading to AKI.  Although 
non-hemodynamic pathways are involved (activation of sympathetic and renin 
angiotensin-aldosterone system, inflammation, oxidative stress, intravascular vol-
ume depletion secondary to overzealous use of diuretics), hemodynamic mecha-
nisms play a preponderant role by inducing a decrease in renal arterial flow and a 
fall in glomerular filtration rate (GFR). Patients typically present with increased 
systemic and/or pulmonary congestion. Chronic cardiorenal syndrome is character-
ized by chronic abnormalities in cardiac function leading to AKI. Neuro-hormonal 
activation, renal hypoperfusion, inflammation, underlying atherosclerosis and oxi-
dative stress play an important pathophysiological role in chronic cardiorenal syn-
drome. In addition, high CVPs directly affect renal vein pressure and renal perfusion 
pressure and increase interstitial pressure causing tubular collapse. Along with 
increased renal venous pressure, proportional declines in GFR and in absolute and 
fractional sodium excretion are observed [20]. In the most severe stages of chronic 
cardiorenal syndrome, GFR becomes flow-dependent.

Worsening renal function is frequently observed in patients with advanced 
decompensated heart failure receiving intensive medical therapy. The strongest 
hemodynamic determinant of worsening renal function is venous congestion identi-
fied by elevated CVP. Worsening renal function occurs less frequently in patients 
who display a CVP <8  mmHg. Baseline CVP values >16 or >24  mmHg were 
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associated with, respectively, a 60% and 75% increase in the incidence of worsen-
ing renal function [21].

Uthoff et al. measured CVP non-invasively using compression sonography in a 
large patient cohort admitted for acute heart failure [22]. They found that a low 
systolic blood pressure and a high CVP at presentation and discharge were signifi-
cantly associated with lower GFR. However, in patients with normal to high systolic 
blood pressure, CVP had no effect on GFR.

Taken together, these data suggest that venous congestion, rather than reduced 
cardiac output, may be the primary hemodynamic factor driving worsening renal 
function in patients with acute and chronic heart failure.

23.4  Cardiac Surgery

According to the chosen definition, the incidence of AKI in cardiac surgery patients 
ranges from 5% to 20% [23]. Even after adjustment for comorbidities and proce-
dural complications, AKI contributes significantly to morbidity and mortality [24]. 
Therapies aimed at mitigating preoperative anemia, peroperative hemodilution, 
perioperative red blood cell transfusions and surgical re-exploration may offer pro-
tection against AKI in cardiac surgery patients [25]. Controversy exists about the 
relationship between cardiopulmonary bypass (CPB) and postsurgical renal dys-
function. Off-pump revascularization surgery is associated with more intraoperative 
hemodynamic instability due to ventricular compression during cardiac manipula-
tion [26] but also with reduced hospital morbidity and AKI occurrence in patients 
with preoperative non-dialysis-dependent renal insufficiency [27]. A twofold 
increase in the risk of AKI was noted in the cardiac surgery population as a whole 
when postoperative CVP values reached the threshold of 14 mmHg. A higher inci-
dence of AKI was observed in conditions hallmarked by venous hypertension (e.g., 
tricuspid disease). The effect of CVP on renal function was found to be modulated 
by ventricular function class, etiology and acuity of venous congestion [28]. In a 
multi-institutional cohort of high-risk patients undergoing coronary bypass surgery, 
CVP measured at 6 h after surgery was, independently of cardiac index and other 
important clinical variables, associated with postoperative mortality and AKI [29]. 
Thus, acute and postoperative increases in CVP should be actively treated to avoid 
AKI in cardiac surgery patients, particularly in patients with poor ventricular 
function.

23.5  Myocardial Infarction

An early study by Collins et al. showed that CVP was raised above the normal range 
in 84% of patients admitted with acute myocardial infarction. Almost all had clini-
cal and radiographic evidence of left heart failure. Raised mean CVP was associated 
with dysrhythmias and, if greater than 15  mmHg, with a fatal outcome [30]. 
Moderate or severe CVP elevation was also observed in a large proportion of ST 
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segment elevation myocardial infarction (STEMI) patients without physical signs of 
left heart failure [31]. Khoury et al. evaluated 1336 STEMI patients who underwent 
primary percutaneous coronary intervention. Patients were stratified according to 
left ventricular ejection fraction (LVEF) and CVP. Variables associated with AKI 
included a LVEF ≤45%, time to reperfusion, mechanical ventilation and chronic 
kidney disease. Notably, a CVP ≥8 mmHg was associated with AKI irrespective of 
LVEF. Patients with a LVEF ≤45% and a CVP ≥8 mmHg had a tenfold increase in 
the incidence of AKI compared to patients with LVEF >45% and normal CVP [32]. 
As a consequence, any fluid challenge during angiographic reperfusion (e.g., before 
administration of intravenous contrast) may be inappropriate as a CVP increase 
might augment the risk of AKI.

23.6  Right Heart Failure

Systemic venous congestion caused by hypervolemia and right heart failure is par-
ticularly detrimental for renal function. Treatment of right heart dysfunction should 
not be based on inadvertent fluid loading but strive to decrease right ventricular 
afterload by lowering pulmonary vascular resistance while increasing ventricular 
inotropy [28].

23.7  Acute Respiratory Distress Syndrome

Darmon et  al. analyzed 8029 patients, of whom 1879 were diagnosed with 
ARDS. AKI occurred in 31.3% of patients and was more common in patients with 
than those without ARDS (44.3% vs. 27.4%; p < 0.001). AKI doubled mortality in 
patients with ARDS [33]. The relationships between MAP, CVP and renal perfusion 
pressure in ARDS are complex and poorly studied. Levitt et al. showed that CVP 
values >15 mmHg were associated with a higher incidence of AKI only when renal 
perfusion pressure was <60 mmHg. A MAP target >60 mmHg did not minimize the 
risk of AKI in patients with elevated CVP and low renal perfusion pressure [34]. 
Thus, CVP at values seen in ARDS affects the risk of AKI by lowering renal perfu-
sion pressure rather than by venous congestion.

23.8  Conclusion

The pathophysiology of AKI is multifactorial. Within a context of comorbidity and 
type, severity, or acuteness of disease, AKI is determined by impaired renal perfu-
sion, inflammation, endothelial dysfunction, cellular damage and neurohormonal 
activation.

In a broad spectrum of patients with and without reduced cardiac function, a 
significant association between increased CVP and impaired renal function has 
been recognized. Increasing evidence points to a close relationship between venous 
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congestion, as estimated by CVP, and AKI. Elevated CVP is independently corre-
lated with prolonged treatment and poor outcome in critical care settings [35, 36]. 
We have summarized the most important findings in Table 23.1.

While awaiting more robust data, it is essential to recognize patients at risk of 
developing AKI.  Maintaining diastolic arterial pressure and selectively lowering 

Table 23.1 Summary of some of the important studies looking at central venous pressure (CVP) 
and acute kidney injury (AKI) under various conditions

First author, 
year [ref]

Design, 
number of 
patients Results Conclusions Limitations

Sepsis, 
septic 
shock

Song, 2018 
[14]

Prospective 
cohort study, 
n = 124

A high CVP and 
renal resistive 
index and a low 
diastolic 
perfusion 
pressure at 
admission were 
independent risk 
factors for 
sepsis-induced 
AKI

The 
combination of 
renal resistive 
index and CVP 
was more 
valuable than 
either of the two 
parameters 
alone

Limited 
design, 
number of 
patients

Left 
ventricular 
failure

Mullens, 
2009 [21]

Prospective 
cohort study, 
n = 145

Baseline CVP 
values >16 
or >24 mmHg 
were associated 
with, 
respectively, a 
60% and 75% 
increase in the 
incidence of 
worsening renal 
function

Taken together, 
these data 
suggest that 
venous 
congestion, 
rather than 
reduced cardiac 
output, may be 
the primary 
hemodynamic 
factor driving 
worsening renal 
function in 
patients with 
acute and 
chronic heart 
failure

Limited 
design, 
number of 
patients

Cardiac 
surgery

Williams, 
2014 [29]

Observational 
cohort study, 
n = 2390

CVP at 6 h after 
CABG surgery 
was highly 
predictive of 
operative 
mortality or 
renal failure, 
independent of 
cardiac index 
and other 
important 
clinical 
variables

Future studies 
will need to 
assess whether 
interventions 
guided by 
postoperative 
CVP can 
improve patient 
outcomes

Observational 
design
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Table 23.1 (continued)

First author, 
year [ref]

Design, 
number of 
patients Results Conclusions Limitations

Myocardial 
infarction

Khoury, 
2018 [32]

Retrospective 
study, 
n = 1336

A 
CVP ≥8 mmHg 
was associated 
with AKI 
irrespective of 
LVEF

Patients with a 
LVEF ≤45% 
and a 
CVP ≥8 mmHg 
had a tenfold 
increase in the 
incidence of 
AKI compared 
to patients with 
LVEF >45% 
and normal 
CVP

Retrospective 
design

Right 
ventricular 
failure

Gambardella, 
2016 [28]

Observational, 
subgroup 
analysis

Systemic 
venous 
congestion 
caused by 
hypervolemia 
and right heart 
failure is 
particularly 
detrimental for 
renal function

Treatment of 
right heart 
dysfunction 
should not be 
based on 
inadvertent fluid 
loading but 
strive to 
decrease right 
ventricle 
afterload by 
lowering 
pulmonary 
vascular 
resistance while 
increasing 
ventricular 
inotropy

Observational 
design, 
subgroup 
analysis

Acute 
respiratory 
distress 
syndrome

Levitt, 2015 
[34]

Observational, 
substudy of 
ARDSNet-
FACTT

CVP values 
>15 mmHg 
were associated 
with a higher 
incidence of 
AKI only when 
renal perfusion 
pressure was 
<60 mmHg. A 
MAP target 
>60 mmHg did 
not minimize 
the risk of AKI 
in patients with 
elevated CVP 
and low renal 
perfusion 
pressure

Thus, CVP at 
values seen in 
ARDS affects 
the risk of AKI 
through 
lowering renal 
perfusion 
pressure rather 
than by venous 
congestion

Observational 
design, only 
published in 
abstract form, 
substudy

CABG coronary artery bypass graft, LVEF left ventricular ejection fraction, MAP mean arterial 
pressure
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CVP may reduce symptoms and signs of renal congestion, ameliorate GFR and 
improve prognosis in septic, cardiac and surgical patients. This also implies closer 
and probably more dynamic monitoring of volume resuscitation.
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24Fluid Management in Acute Kidney 
Injury

M. Ostermann, A. More, and S. Jog

24.1  Introduction

Acute kidney injury (AKI) is very common during critical illness affecting >50% of 
patients and associated with increased morbidity and mortality and high health care 
costs [1]. The traditional strategy for managing patients at risk or with established 
AKI often involves high volume fluid administration due to fear of untreated hypo-
volemia [2]. Whilst timely fluid administration may be beneficial if AKI is indeed 
precipitated by intravascular volume depletion, there is increasing evidence that 
excessive fluid resuscitation beyond correction of hypovolemia leads to adverse out-
comes, including worsening of renal function [3–6]. Furthermore, there is clear 
evidence that certain types of fluids are nephrotoxic [3, 6–9].

In this chapter, we discuss different aspects of fluid management for the preven-
tion and treatment of AKI, challenge some of the traditional beliefs and highlight 
existing uncertainties.
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24.2  Aims of Fluid Resuscitation

The physiological rationale for fluid administration in AKI is to correct intravascu-
lar volume depletion and to increase cardiac output and perfusion pressure in the 
hope that this will improve renal blood flow and glomerular function. However, in 
established AKI, renal blood flow and glomerular filtration correlate poorly [5]. 
In fact, fluids aimed at increasing renal blood flow may not affect glomerular fil-
tration rate, especially if cardiac output is increased. In AKI, the only indication 
for fluid administration is intravascular hypovolemia. Oliguria should trigger an 
assessment of volume status but not be viewed as an absolute indication for fluid 
administration.

24.3  Types of Fluid

Broadly, fluids are differentiated as crystalloids and colloids (Tables 24.1 and 
24.2). Independent of the impact of fluid overload, there is clear evidence that renal 
function is affected by the type of fluid and that certain fluids increase the risk of 
AKI [3, 6–9].

24.3.1  Colloids

Colloids are crystalloid solutions containing oncotic macromolecules that largely 
remain in the intravascular space (Table 24.2). The physiological basis for using 
them is that they preserve intravascular oncotic pressure and expand the intravascu-
lar volume more effectively for a longer duration compared to crystalloids. However, 
recent data indicate that their fluid sparing effect is only modest in the range of 
1.0:1.1–1.0:1.4 [6]. Furthermore, some types of colloids have been found to be 
nephrotoxic, in particular hydroxyethyl starches (HES). Several large randomized 
controlled trials (RCTs) and systematic reviews showed increased rates of AKI and 
use of renal replacement therapy (RRT) with HES in critically ill patients [7–9].

There are only limited data on the benefits and risks of gelatin-based colloids in 
AKI. Observational data suggest that the administration of gelatin contributes to the 
development of osmotic nephrosis-induced AKI in critically ill patients [10]. A sys-
tematic review including three trials of a total of 212 patients randomized to gelatin 
versus crystalloid/albumin concluded that the risk ratio for AKI was 1.35 (0.58–
3.14) [11]. Although it remains unclear whether gelatin-based colloids can cause 
AKI or not, given the potential risks and the absence of clear benefits, gelatin-based 
fluids should be avoided in AKI.

Albumin is a natural colloid. When used for resuscitation, either as a 4%, 5% or 
20% solution, albumin has not been shown to have a consistent survival benefit 
compared to crystalloids [12–14]. A recent network meta-analysis found no differ-
ence in the use of RRT with albumin versus crystalloid solutions in patients with 
sepsis [15]. Whilst albumin is considered safe in patients at risk of or with 
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established AKI, a beneficial role has not been established [6, 12]. Possible excep-
tions are patients with hepatorenal syndrome where the combination of albumin 
with a vasopressor analogue has been shown to be renoprotective, and patients with 
serum albumin less than 40 g/L before undergoing off-pump coronary artery sur-
gery, in whom the preoperative administration of 20% albumin reduced the risk of 
postoperative AKI [16].

In conclusion, there is no role for colloids for routine resuscitation in patients at 
risk of AKI. Current recommendations are to use crystalloids instead of colloids for 
fluid resuscitation in critically ill patients, including those at risk of or with estab-
lished AKI [17, 18]. Colloids may be considered in limited quantities for early 
resuscitation in patients with profound and refractory shock who are fluid respon-
sive and not responding to crystalloids, but HES should be avoided.

24.3.2  Crystalloids

0.9% saline solution is still the most commonly used crystalloid in critically ill 
patients. However, rapid administration of moderate to large volumes of 0.9% saline 
can cause hyperchloremia and metabolic acidosis. Animal research and studies in 
healthy volunteers suggest that this may lead to renal vasoconstriction and reduction 
in glomerular filtration [19–21].

The electrolyte composition of balanced solutions, such as Ringer’s lactate, 
Hartmann’s solution and Plasma-Lyte, is similar to human plasma and there is no 
association with hyperchloremic acidosis (Table  24.1) Although balanced fluids 
contain potassium in small quantities, this only poses a risk in patients with AKI and 
severe hyperkalemia.

Clinical trials comparing different types of crystalloid fluids in critically ill 
patients at risk of AKI have revealed conflicting results [22–26]. In the Saline versus 
Plasma-Lyte 148 for ICU fluid Therapy (SPLIT) trial, 2278 ICU patients were ran-
domized to Plasma-Lyte 148 or 0.9% saline [25]. There was no significant differ-
ence in the proportion of patients with moderate to severe AKI.  In contrast, the 
SALT-ED investigators performed a cluster-randomized multiple-cross over trial in 
5 ICUs at a single center and randomized 15,802 patients to 0.9% saline versus bal-
anced solution [26]. They showed a significant reduction in the risk of major adverse 
kidney events (need for RRT, death and/or final serum creatinine ≥200% of base-
line) within 30 days in the group of patients treated with balanced solutions (14.3% 
versus 15.4%; p = 0.04).

It has been hypothesized that the risk of saline-induced AKI may be dose depen-
dent and only be seen in patients receiving large volumes of 0.9% saline. However, 
a recent study in ICU patients receiving large volume fluid resuscitation (>60 mL/
kg fluids per 24 h) showed no association between chloride load and risk of AKI 
after adjusting for severity of illness [27].

Based on the current evidence, it is reasonable to preferably use balanced solu-
tions for fluid resuscitation in patients at risk of AKI who do not have hypochlore-
mia [3]. 0.9% saline is the preferred solution for patients with hypovolemia and 
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hypochloremia, for example after prolonged vomiting. When used, chloride con-
centrations should be monitored. To date, there are no published clinical trials spe-
cifically comparing different crystalloid fluids in patients with established AKI.

24.4  Volume of Fluid

Large observational studies have shown an association between excessive fluid 
administration and development of AKI [28–30]. The potential mechanisms include 
intra-renal compartment syndrome and venous congestion as a result of the kidneys 
being encapsulated organs [3, 5]. Fluid administration may also impair the renal 
oxygen supply-demand relationship as a result of an increase in glomerular filtra-
tion rate (GFR) and sodium reabsorption [31]. For these reasons, fluids should only 
be administered until intravascular hypovolemia has been corrected. It is desirable 
to administer the minimum amount of intravenous fluid required to maintain perfu-
sion and systemic oxygen delivery. If fluids are considered necessary, they should 
be administered in frequent small aliquots and under periodic reassessment of fluid 
responsiveness and hemodynamic status so that fluid overload is avoided.

24.4.1  Assessment of Volume Status

Fluid responsiveness is often viewed as a surrogate marker of intravascular hypovo-
lemia, and lack of fluid responsiveness is considered as equivalent to euvolemia. 
However, it needs to be remembered that being fluid responsive is physiologic.

Classically, the assessment of fluid responsiveness involves giving a fluid chal-
lenge to a patient with decreased organ perfusion and checking whether this increases 
cardiac output and improves organ perfusion. It is typically done by ascertaining the 
response of stroke volume or pulse pressure to an increase in preload. If a significant 
increase in stroke volume or pulse pressure is seen, it is viewed as an indication that 
cardiac function lies on the steeper part of the Frank-Starling curve, and the patient 
is considered to be fluid responsive. To date, pulse pressure variation (PPV) is the 
marker of preload responsiveness that has accumulated most evidence [32].

Various invasive and non-invasive techniques have been developed to assess fluid 
responsiveness, including administration of internal fluid challenges using the pas-
sive leg raise (PLR) test [32]. Other methods of assessing volume status include the 
evaluation of static parameters like central venous pressure (CVP) and pulmonary 
artery occlusion pressure (PAOP), but they are generally considered to be of limited 
use for this purpose [33, 34].

Ultrasonography of the inferior vena cava (IVC) may demonstrate that the IVC 
is collapsed or has features of extreme variation with respiration, which are consid-
ered signs of intravascular hypovolemia. When applying this technique, it is impor-
tant that right ventricular (RV) pathology, cardiac tamponade and intra-abdominal 
hypertension are ruled out beforehand. Importantly, a full IVC does not necessarily 
mean that the patient is no longer fluid responsive [35, 36].
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In spontaneously breathing patients with intra-arterial blood pressure monitor-
ing in place, the PLR test is the easiest and most reliable dynamic test to predict 
fluid responsiveness [37, 38]. It basically involves giving an internal fluid chal-
lenge by diverting the blood in the venous pool of the splanchnic bed and lower 
limbs to the central circulation and looking for a PPV >10%. This preload chal-
lenge of around 300 mL of blood can be repeated as often as necessary. The tech-
nique can also be used as a safety parameter during fluid administration to prevent 
fluid overload. An end-expiratory occlusion (EEO) test is another tool to assess 
preload responsiveness in patients receiving mechanical ventilation and who are 
spontaneously breathing. A significant increase in cardiac output of >5% measured 
by pulse contour analysis after 15 s of EEO can predict fluid responsiveness with 
good sensitivity and specificity [39, 40]. To use PPV as an indicator of fluid respon-
siveness in patients receiving full mechanical ventilation, a regular heart rhythm 
and controlled mechanical ventilation with large tidal volumes >8  mL/kg are 
required [41].

In spontaneously breathing patients not on mechanical ventilation, the assess-
ment of fluid responsiveness includes the non-invasive assessment of stroke volume 
changes pre- and post-PLR test or bedside echocardiography. Newer assessment 
tools like the evaluation of changes in carotid blood flow and corrected carotid flow 
time pre- and post-PLR test show promise but are yet to be validated [42].

In general, the threshold to define fluid responsiveness depends on the change in 
cardiac preload induced by the test (e.g., 15% for fluid challenge, 10% for the PLR 
test, 5% for the EEO test). In any case, it is important to remember that fluid respon-
siveness is a normal physiologic condition and does not necessarily equate to being 
fluid deplete and ‘needing fluids’. Fluids are only indicated if the patient also has 
signs of hypoperfusion (Fig. 24.1).

24.5  Duration of Fluid Therapy

The overall aim of fluid resuscitation is to correct hypovolemia and optimize pre-
load in order to maintain renal perfusion. In patients with AKI, fluid resuscitation 
beyond correction of hypovolemia does not increase the chances of renal recovery 
and may in fact hinder recovery of renal function and reduce overall outcomes [30]. 
Fluid administration should be stopped when signs of circulatory failure have 
resolved, early signs of fluid overload appear and/or dynamic tests indicate that the 
patient is no longer fluid responsive.

The Conservative Versus Liberal Approach to Fluid Therapy of Septic Shock in 
Intensive Care (CLASSIC) trial showed that active fluid restriction is feasible and 
safe in patients with septic shock and may even improve outcomes [43]. In nine 
ICUs in Denmark and Finland, 151 patients with septic shock who were clinically 
euvolemic were randomized to restrictive fluid therapy or standard care. Although 
there were some baseline differences between groups, AKI was more likely to 
worsen in patients receiving standard care. Further studies are necessary to validate 
these findings.
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In conclusion, patients at risk of or with established AKI should only be admin-
istered fluids until intravascular volume depletion has been corrected, ideally only 
in small aliquots under regular assessment of their hemodynamic status. If they 
remain hemodynamically unstable after hypovolemia has been corrected, support 
with vasopressors or inotropes should be considered.

24.6  Fluid Management in Specific Types of AKI

24.6.1  AKI in Liver Disease

Patients with liver disease are at high risk of AKI, mainly due to splanchnic vasodi-
lation and relative intravascular hypovolemia [44, 45]. Volume expansion in combi-
nation with vasoconstrictors is an important component of resuscitation. Several 
studies have confirmed that the combination of vasopressin analogues and albumin 
has a beneficial effect on renal function [46, 47].

24.6.2  Obstructive AKI

Resolution of obstruction and correction of intravascular hypovolemia are the main-
stay of treatment in obstructive AKI.  Patients who develop post-obstruction 

Signs of hypoperfusion

Assessment of fluid responsiveness 

Signs of fluid
responsiveness

YES

Discontinue fluid
administration 

NO

Regular
reassessment 

No signs of fluid
responsiveness

AKI 

Administration of
aliquots of

crystalloid fluid

Fig. 24.1 Algorithm to guide fluid therapy in acute kidney injury (AKI)
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polyuria may need large volume fluid resuscitation to keep up with diuresis. 
Balanced crystalloid solutions are the preferred fluids but occasionally additional 
electrolyte supplementation is necessary.

24.6.3  AKI in Congestive Cardiac Failure

Patients with cardiac disease are at high risk of AKI for multiple reasons, including 
impaired cardiac output, renal congestion due to RV dysfunction and potential drug 
nephrotoxicity. In this situation, fluid therapy is only indicated in case of true intra-
vascular fluid depletion. Support with inotropes and vasopressors are more com-
monly needed, often in combination with diuretics and fluid removal.

24.6.4  AKI Treated with Renal Replacement Therapy

During RRT, fluid management should be guided by the fluid and hemodynamic 
status of the patient. Most patients on RRT need fluid removal and therefore fluid 
intake should be minimized. If fluid administration is necessary, the same principles 
as outlined earlier apply.

Determining the exact volume and speed of fluid removal during RRT is chal-
lenging, in particular if patients are hemodynamically unstable. In patients who 
develop hypotension, the rate of fluid removal should be decreased to allow vascular 
refilling. To facilitate timely and effective fluid removal without cardiovascular col-
lapse, the patient’s fluid and hemodynamic status and overall trajectory need to be 
assessed regularly so that the fluid removal rate can be adjusted accordingly. 
Continuous RRT provides more flexibility in this regard.

24.7  Conclusion

In patients with AKI, the only indication for fluid administration is correction or 
prevention of intravascular hypovolemia (Table  24.3). The optimal type of fluid 
remains unknown but starches should be avoided. There is no evidence that fluid 
administration beyond correction of intravascular hypovolemia is beneficial. Fluid 
responsiveness should not automatically be viewed as fluid depletion and should 
only trigger fluid administration if there are clinical signs of hypoperfusion. If fluids 
are considered to be necessary, boluses of small aliquots should be considered 
instead of rapid high volume fluid administration. In patients receiving RRT, the 
same principles apply.

Table 24.3 Dos and Don’ts of fluid management in acute kidney injury (AKI)

Factor Do Don’t
Indication Intravascular hypovolemia Oliguria without hypovolemia
Type of fluid Crystalloids Starches
Volume Boluses of small aliquots High volumes
Duration Until hypovolemia corrected Until AKI resolved
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25Diagnostic Implications of Creatinine 
and Urea Metabolism in Critical Illness
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25.1  Introduction

The serum concentrations of urea and creatinine form the basis of our understand-
ing of renal function and are requested and interpreted by critical care clinicians on 
a near daily basis for patients admitted to intensive care units (ICUs) worldwide. 
Changes in creatinine constitute the diagnostic criteria for acute kidney injury (AKI) 
while urea is commonly used as a marker of dehydration and as a potential trigger 
for initiation of renal replacement therapy (RRT). However, the interpretation of 
these routinely measured biomarkers of renal function has been brought under scru-
tiny as the complex impact of critical illness on the metabolism of urea and creati-
nine affects their interpretation. A more careful understanding of the changes in 
creatinine and urea metabolism during acute illness and in survivors of critical care 
is necessary to better inform decisions on diagnosis, treatment strategies and 
research of new interventions for AKI.
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25.2  Creatinine and Urea Metabolism in Health

The measurement of creatinine in human urine and blood, developed in the late 
1900s [1], led to studies establishing the link between protein metabolism and cre-
atinine appearance. Creatinine (from the Greek kreas meaning flesh), is formed 
from the daily, near constant, irreversible, non-enzymatic conversion of creatine or 
hydrolysis of phosphocreatine in muscle [2]. For example, a 70 kg man of average 
build contains roughly 120 g of creatine, of which 2 g/day is converted to soluble 
creatinine and excreted by the kidneys and is replaced by dietary replacement or de 
novo biosynthesis. Creatine and phosphocreatine, via the creatine kinase reaction, 
replenish adenosine triphosphate (ATP) in tissues with high energy demands such 
as skeletal muscle and play a key role in the development and function of brain tis-
sue, as demonstrated by the impact of creatine deficiency syndromes on neurologi-
cal development. The primary site of creatine production is the liver, but this process 
depends on metabolic pathways in the kidney and consequently the transport of 
intermediaries through blood; however the exact nature of these processes and con-
tribution of different organ tissues to creatine synthesis remains unclear. A widely 
thought dominant pathway of creatine biosynthesis involves initial formation of the 
precursor guanidinoacetate in the kidney and subsequent uptake by the liver as a 
substrate for creatinine synthesis (Fig. 25.1). Another source of guanidinoacetate is 
the urea cycle in the liver itself via the conversion of arginine to glycine [3].

As a small, 113 Da molecule, creatinine is freely filtered in the glomerulus and 
appears unaltered in the urine together with a small amount of active tubular secre-
tion (<10%). As renal clearance is high, non-renal excretion or degradation of cre-
atinine in health is negligible, but in advanced renal failure when creatinine 
concentration is higher, bacterial activity has been shown to convert creatinine to 
creatine and other degradation products and limited gastrointestinal excretion may 
occur. As plasma creatinine is excreted predominantly by glomerular ultrafiltration, 
when glomerular filtration rate (GFR) decreases, creatinine accumulates. To fully 
interpret the meaning of alterations in plasma creatinine concentration, an under-
standing of kinetics of creatinine generation and excretion is required. First, as 
>90% of creatinine excretion is by glomerular ultrafiltration, net creatinine excre-
tion approximates to the GFR (rate of plasma filtration) multiplied by the concentra-
tion of creatinine in the plasma. Second, at steady state (defined by constant plasma 
creatinine concentration over time) the rate of excretion must equal the rate of cre-
atinine generation thus:

 
GFR Cr G

P
´ [ ] =  

where GFR is in L/min, [Cr]P is the plasma concentration of creatinine in μmol/L 
and G is the creatinine generation rate in μmol/min. Thus, at steady state, GFR is 
proportional to the reciprocal of the plasma creatinine. Assuming a creatinine 
change occurs and levels stabilize at a new steady state, a doubling of plasma creati-
nine will then imply an approximate halving of GFR, as long as the creatinine gen-
eration rate also remains constant. This relationship forms the basis of the use of 
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Fig. 25.1 Creatinine generation and the source of creatine biosynthesis. Creatinine (Crn) is 
formed from the non-enzymatic breakdown of creatine (Cr) in the muscle and diffuses into the 
blood to be excreted by the kidney. Cr generation, thought to start in the kidney, involves the trans-
fer of an amidino group of arginine (Arg) to glycine (Gly) catalyzed by L-arginine:glycine amidi-
notransferase (AGAT) to form guanidinoacetic acid (GAA) and ornithine. The liver then methylates 
GAA via the action of S-adenosyl-L-methionine (AdoMet): N-guanidinoacetate methyltransferase 
(GAMT) to Cr. Skeletal muscle and other tissues have specific Cr uptake transporters. Once in 
skeletal muscle, Cr is involved in the reversible creatine kinase (CK) reaction with adenosine tri-
phosphate to yield adenosine diphosphate (ADP) and phosphocreatine (PCr). AdoHcy S-adenosyl-
L-homocysteine. From [2] with permission
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1.5–2- and 3-fold rises in creatinine above a baseline value to define severity of AKI 
in consensus definitions. It is crucial to stress, however, that this direct relationship 
between fold-increase in creatinine and fold-decrease in GFR only holds true when 
creatinine concentration has regained steady state and if creatinine generation is 
constant. Thus, despite its relatively predictable excretion, the incompletely under-
stood complexities of creatinine and creatine metabolism that underlie creatinine 
generation and their variation in disease states implies that our interpretation of 
serum creatinine as a biomarker of renal function may be imperfect in a variety of 
disease states.

The urea (or ornithine) cycle was discovered through the work of Hans Krebs 
and Kurt Henseleit in 1932 [4]. It has the primary role of removing toxic ammonia 
produced from the deamination of amino acids. Once created, highly soluble and 
non-toxic urea is excreted via the kidney in urine and a smaller percentage hydro-
lyzed by bacterial ureases in the gut [5]. The urea cycle is therefore essential in 
controlling the excess ammonia produced from the body’s handling of proteins. The 
degradation of proteins and subsequent alterations of amino acids is a key process 
in human physiology to allow formation of new amino acids, and other important 
metabolic substrates such as creatine [6]. Urea is further used by the kidney as the 
principal solute contributing to the renal medullary osmotic gradient while ureagen-
esis itself contributes to acid base balance via removal of bicarbonate ions and 
ammonium [7]. The metabolic machinery thought necessary for ureagenesis is con-
fined to the liver.

25.3  Ureagenesis in Critical Illness

The rate of urea generation is directly related to the concentration of urea precur-
sors: amino acids. Any increase in free amino acids either from protein degradation 
or exogenous amino acid delivery will therefore result in an increase in ureagenesis. 
Muscle proteolysis and protein breakdown is an early, near universal process occur-
ring in critically ill patients [8, 9], and the resulting increase in energy intensive 
ureagenesis contributes to an overall catabolic state. Glucagon, cortisol and cate-
cholamines along with relative insulin resistance have been proposed as the key 
determinants of protein catabolism and reduced amino acid uptake [6]. Increased 
ureagenesis in sepsis is well described in animal models [10, 11] as a by-product of 
the increased utilization of mobilized amino acids used as energy substrates in the 
liver and has been observed in critically ill patients with sepsis and trauma [12].

As the mechanisms of acute skeletal muscle wasting in critically ill patients are 
being further elucidated, increasing ureagenesis has been reviewed as a marker of 
effectiveness of interventional strategies that aim to improve incorporation of exog-
enous amino acids and potentially reduce the profound loss of skeletal muscle [13]. 
However, the use of ureagenesis is limited by the high incidence of AKI in critically 
ill patients, with the subsequent alteration in urea excretion by the kidney compli-
cating the interpretation of serum urea measurements [14]. Despite these complexi-
ties, ureagenesis has been investigated in critically ill patients during acute and 
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chronic phases of critical illness. Studies have explored the significance of serum 
urea changes in investigations of the phenotype of persistent critical illness, attrib-
uted to patients who survive the initial injury or acute illness and enter a state of 
unchecked catabolism with persistent inflammation a likely contributory factor 
[15]. Retrospective studies suggest that urea is an important marker of this deleteri-
ous metabolic phase [16] and associated with worse outcomes in pancreatitis [17], 
decompensated heart failure [18] and the elderly admitted to critical care units [19]. 
Although retrospective in design, there are growing data to support the role of ure-
agenesis and worse outcome in critically ill patients [20], especially in the growing 
group of patients who survive but require longer periods of critical care support.

25.4  Creatinine Generation in Critical Illness

Creatine and phosphocreatine biosynthesis in critical illness will determine the 
amount of creatinine released into the blood via continuous non-enzymatic break-
down. Additionally, loss of lean body mass will result in reduced creatinine genera-
tion as skeletal muscle is the primary reservoir of creatine. Clinicians continue to 
interpret changes in serum creatinine in the scenario of static creatinine generation, 
for example when applying the Kidney Disease: Improving Global Outcomes 
(KDIGO) creatinine criteria to diagnose AKI. Creatinine generation has been estab-
lished from studies assessing urinary excretion of creatinine from healthy humans 
which shows a decrease with age and in females [21]. However, research has sug-
gested that creatinine generation is not constant. Work by Pickering et al. [22] high-
lighted the potential impact of cardiac arrest on misclassification of AKI that could 
not be fully explained by the dilutional effect of initial fluid resuscitation on serum 
creatinine. They hypothesized that metabolic changes to creatine generation may 
account for such changes, with other investigators suggesting that unstable creati-
nine kinetics impact on the interpretation of creatinine in critically ill patients [23]. 
These concepts have been supported in several animal studies, including a mice 
cecal ligation and puncture sepsis model [24]. To eliminate the impact of AKI and 
explore non-renal factors contributing to creatinine generation, mice that had under-
gone bilateral nephrectomy were studied. Mice with sepsis had the slowest increase 
in creatinine (versus ischemia/reperfusion models). Mechanisms underlying creati-
nine production were further explored from mice data and supported by other stud-
ies and included an association with raised liver injury biomarkers in septic mice 
potentially resulting in reduced liver creatine production [25]; reduced microcircu-
latory perfusion reducing creatinine release from muscle [26]; and the neurohor-
monal impact of sepsis reducing energy production [27].

Reduced creatinine generation was demonstrated in a group of anuric, critically 
ill patients on continuous venovenous hemodialysis [28], in patients with acute 
renal failure [29] and in critically unwell adults [30]. Contradictory findings of a 
raised urinary creatinine excretion, suggestive of increased creatinine generation, 
have been described in cases of severe traumatic injury [31] and in pediatric cases 
of traumatic brain injury [32]. The increased urinary creatinine described in these 
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cases is thought to herald the beginning of hypercatabolism with an initial rise then 
reduction in creatinine generation due to muscle loss. However this theory relies on 
a pool of creatinine to be readily released in acute illness for which clear evidence 
does not exist, and instead, the increased urinary excretion of creatinine could be 
explained by glomerular hyperfiltration, a recognized phenomenon in early stages 
of critical illness, especially trauma [33].

25.5  Creatine and Phosphocreatine in Critical Illness

Defining the metabolic phenotype of critical illness and understanding the impact of 
the bioenergetic changes is essential to developing interventions to combat the dam-
aging sequelae of critical illness, such as skeletal muscle wasting. Phosphocreatine 
conversion to creatine and the release of ATP in tissues with high metabolic activity 
is a key biochemical process in the human body [2]. In exercising adults, there is 
evidence supporting creatine supplementation where it improves muscle strength 
and power [34] by increasing the pool of available creatine. Disturbances of phos-
phocreatine have been described in muscle biopsies from patients with sepsis and 
after trauma and in animal models and are often accompanied by reduced levels in 
other vital organs including the kidney and muscle [9]. In recent work by Puthucheary 
et al., there was a strong relationship between decreased availability of ATP, phos-
phocreatine and creatine with skeletal muscle wasting in a heterogeneous cohort of 
critically ill patients [35]. The decrease in creatine and phosphocreatine suggest that 
concordant reductions in creatinine generation are not solely due to loss of muscle 
mass and that strategies to help maintain the pool of high energy phosphates in con-
ditions such as sepsis are a potential interventional target for future research.

25.6  Urea:Creatinine Ratio in Critical Illness

Historically, the urea:creatinine ratio was commonly used as a biochemical test to 
distinguish between ‘pre-renal failure’ and ‘acute tubular necrosis’ to then guide 
the subsequent fluid resuscitation strategy. The reasoning relied entirely on a focus 
on renal physiology as the explanation for changes in the urea:creatinine ratio, 
without any appreciation of the effect of relative changes in production of these 
metabolites. Improved understanding of the pathophysiology of AKI in critically 
ill patients, especially patients with sepsis where reduced renal blood flow has not 
been shown to be a universal phenomenon [36], cast doubt on the use of the 
urea:creatinine ratio to dichotomize subtypes of AKI that may not in reality exist 
as clear phenotypes. Work by Uchino et al. confirmed the weakness of this approach 
demonstrating in fact there was significantly higher risk of death in AKI patients 
with a raised urea:creatinine ratio, something that would have been traditionally 
regarded as more treatment-responsive ‘pre-renal failure’ [37]. In fact, the 
urea:creatinine ratio has been proposed as a marker of protein catabolism by incor-
porating the increase in ureagenesis and fall in creatinine due to loss of muscle 
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mass and creatine generation, an interpretation based on differential production 
rather than differential excretion. In this framework, a raised urea:creatinine ratio 
has been used in neurohormonal studies of critical care-associated catabolism [13], 
however with the caveat that alteration in renal function could be a potential con-
founder of this use.

25.7  Limitations of Creatinine in AKI Diagnosis

Thus, while relative changes in plasma creatinine define AKI in consensus criteria, 
there are significant limitations to interpretation of creatinine values in critical ill-
ness. Use of plasma creatinine as a direct indication of relative change in GFR is 
dependent on having achieved a new steady-state concentration. After a change in 
GFR, time to reach steady state is dependent on both the magnitude of change in 
GFR and the underlying creatinine generation rate. In acute severe AKI, many days 
could be required for a new steady-state to be achieved and, until then, plasma cre-
atinine will underestimate severity of renal dysfunction delaying full appreciation 
of the severity of AKI. Furthermore, changes in creatinine generation significantly 
impact plasma creatinine concentration. Reduction in muscle mass, dietary intake 
of creatine and hepatic creatine synthesis may all contribute to an acute fall in gen-
eration rate. Thus, incidence and severity of creatinine-assessed AKI may be under-
estimated in the critically ill and, similarly, renal recovery after AKI may be 
significantly overestimated [38]. Furthermore, as reduction in generation is related 
to length and severity of illness, the confounding effect of these changes on AKI 
diagnosis is likely to be greater in more severe illness (Fig. 25.2).

25.8  Towards a Better Interpretation of Serum Creatinine

The limitations on the use of serum creatinine for the diagnosis of AKI and chronic 
kidney disease during and after critical illness have been well illustrated [22, 39]. 
Loss of muscle mass experienced both during and after critical illness confounds the 
interpretation of serum creatinine and results in an overestimation of GFR. However, 
serum creatinine is an attractive marker of muscle mass with a direct correlation 
with total skeletal muscle, yet its diagnostic role in acute skeletal muscle wasting in 
critical illness remains complicated by the high prevalence of AKI in this population 
[40]. Previous studies have highlighted the loss of creatinine in critically ill popula-
tions despite AKI diagnosis and the association of a low serum creatinine with 
poorer outcomes [39, 41]. Cystatin C, which is produced from all nucleated cells 
and is less likely to be confounded by acute and chronic effects of ill-health on diet 
and muscle mass, may have the potential to improve the interpretation of creatinine 
and in some instances supersede its use as a renal functional biomarker in critically 
ill adults. In a population of critical care survivors, Ravn et  al. demonstrated a 
24 mL/min/1.73 m2 median difference in estimated GFR (eGFR) based on cystatin 
C versus creatinine at ICU discharge [42]. Furthermore, cystatin C showed improved 
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association with age and comorbidity-adjusted short-term and 1-year mortality and 
may therefore by a superior method to monitor eGFR post-critical illness.

Recent work by Kashani et al. incorporated cystatin C and creatinine to create a 
novel index (serum creatinine-to-serum cystatin C ratio × 100) [43] and showed 
good correlation with skeletal muscle mass derived from computed tomography 
(CT) analysis. Similar work in a community population used a cystatin C and serum 
creatinine derived equation to estimate body mass and showed a strong correlation 
with total body muscle mass derived from dual-energy X-ray absorptiometry [44]. 
This work requires confirmation in prospective cohorts and remains limited by the 
measurement of body mass at single timepoints but does highlight that when 
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Fig. 25.2 Kinetic modeling of changes in plasma creatinine concentration after an acute 90% 
reduction in glomerular filtration rate (GFR) after major surgery in a 65-year old male with a base-
line creatinine of 80 μmol/L. With such severe reduction in GFR, acute kidney injury (AKI)-1 
criteria are rapidly achieved on a 26.5 μmol/L increase; however, full severity of AKI would take 
over 15 h to be apparent. However, when one factors in a creatinine generation rate (G) decreasing 
to 60% of baseline over 48 h and then the effect of a continuous positive fluid balance of 150 mL/h 
over the same period, creatinine increase is significantly retarded, delaying AKI-2 diagnosis by 
over 6 h and AKI-3 diagnosis by up to one-day despite likely greater illness-severity. From [45] 
with permission

R. W. Haines and J. R. Prowle



335

combined with an accurate marker of renal function, plasma creatinine could be a 
potential biomarker of muscle wasting.

25.9  Conclusion

Changes in urea and creatinine metabolism provide insights into the impact of criti-
cal illness on organ function, body composition and the metabolic phenotype of 
patients. However, the effect of critical illness on changes to generation and clear-
ance pose challenges to how best to interpret such changes in clinical context. 
Interesting associations of ureagenesis with catabolism, creatinine with body com-
position and urea:creatinine ratio with mortality accompanied by the incorporation 
of newer biomarkers such as cystatin C should form the basis of future research to 
explore their clinical utility as candidate markers of muscle mass, renal function and 
predictors of worse outcomes.
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26New Insights into the Renal 
Microcirculation in Sepsis-Induced  
Acute Kidney Injury

A. Harrois, N. Libert, and J. Duranteau

26.1  Introduction

Acute kidney injury (AKI) is a frequent complication during septic shock with the 
incidence of AKI ranging from 55% to 73% [1–3]. Sepsis-induced AKI is indepen-
dently associated with mortality [4] and survivors have a greater risk of developing 
chronic and end-stage kidney disease [5]. Thus, understanding the pathophysiology 
of sepsis-induced AKI is essential for appropriate treatment. Renal microvascular 
alterations appear to play a role in the occurrence of septic AKI [6, 7], but the rela-
tive contribution of renal microvascular alterations in the pathophysiology of sepsis- 
induced AKI in septic patients remains to be determined. Indeed, without the 
possibility of assessment of the renal microcirculation, renal perfusion status 
remains poorly studied in patients with septic shock. Thus, in clinical practice dur-
ing the resuscitation of septic shock, physicians hope that optimization of the mac-
rocirculation (i.e., mean arterial pressure [MAP] and systemic oxygen delivery) will 
be beneficial to the renal microcirculation but are totally blind to the actual behavior 
of the renal microcirculation. To gain new insights into the pathogenesis of AKI in 
septic patients and in intensive care unit (ICU) patients, we need new techniques to 
evaluate kidney microcirculation. In this chapter, we focus on recent results that 
have clarified the contribution of renal microvascular alterations in sepsis-induced 
AKI in septic patients. We expect that these findings will improve the understanding 
and the clinical management (prevention and treatment) of sepsis-induced AKI.
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26.2  Potential Mechanisms of Renal Microcirculatory 
Dysfunction in Sepsis-Induced AKI

Growing evidence suggests that the pathophysiology of septic AKI is multifactorial 
and that several mechanisms may be involved and may differ between patients [8]. 
These mechanisms include inflammation, oxidative stress, apoptosis of tubular 
cells, mitochondrial dysfunction and microvascular dysfunction. A recent review 
[9] proposed that sepsis-induced AKI is an early clinical and biochemical manifes-
tation of an adaptive response of the tubular cells to an injurious, inflammatory 
danger signal (damage or pathogen-associated molecular patterns [DAMPs and 
PAMPs]) that may be magnified by microvascular dysfunction and that, in response, 
mitochondria within tubular cells orchestrate a complete metabolic downregulation 
and reprioritization which favors individual cell survival processes at the expense of 
‘kidney function’ (i.e., tubular absorption and secretion of solutes).

The microcirculatory dysfunction leads to heterogeneity of tissue perfusion with 
low or no flow areas resulting in tissue hypoxia, while other areas have normal or 
high flow. This microcirculatory dysfunction has been reported independently of the 
total renal blood flow and an increase in total renal blood flow does not exclude the 
possibility of microcirculatory dysfunction [10]. In a porcine model of severe sep-
sis, reduced renal cortex microcirculatory flow occurred well before any changes in 
renal blood flow were observed [11]. These alterations can persist even after fluid 
resuscitation despite restoration of systemic hemodynamics [11].

The renal medulla appears to be particularly at risk of tissue hypoxia in sepsis- 
induced AKI because the medulla does not have a blood supply of its own and 
receives about 20% of the cortical blood flow from juxtamedullary efferent arteri-
oles. In that respect, intrarenal blood flow redistribution with preserved cortical per-
fusion but decreased medullary perfusion has been described [10].

Several mechanisms have been proposed to explain the sepsis-induced microcir-
culatory alterations. Pressure in the glomeruli is tightly controlled through the vas-
cular tone of afferent and efferent arterioles, which are regulated by the myogenic 
response, the tubuloglomerular feedback, and the balance between vasopressor fac-
tors (renal sympathetic nerve, renin-angiotensin-aldosterone system and endothe-
lin) and vasodilatory factors (nitric oxide [NO], adenosine triphosphate [ATP] and 
prostaglandin). Sepsis may affect renal autoregulation with a decrease in glomerular 
filtration rate (GFR) through dominant efferent arteriole dilatation (compared to 
afferent arteriole) and subsequent decrease in glomerular filtration pressure (‘intra-
glomerular hypotension’). In sepsis-induced AKI, imbalance between vasopressor 
factors and vasodilator factors affect the flow, the capillary density and the capillary 
heterogeneity of the kidney microcirculation. For example, Langenberg et al. [12] 
reported in a sheep model of sepsis that cortical, but not medullary, expression of all 
NO synthase (NOS) isoforms was increased during sepsis-induced AKI. This selec-
tive increase in NOS expression in the cortex may induce intrarenal shunting, 
whereby blood is shunted away from the medulla during sepsis potentially leading 
to medullary ischemia. Inflammation increases leukocyte trafficking with an 
increase in the expression of adhesion molecules and leukocyte-endothelial 
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interactions, resulting in capillary plugging. Sepsis also induces shedding of the 
glycocalyx with a breakdown of the oncotic pressure gradient, and inflammatory 
mediators induce disruption of the endothelial barrier with capillary leak, which 
results in tissue edema with a risk of tissue hypoxia. Indeed, tissue edema can impair 
tissue oxygenation by increasing the distance required for the diffusion of oxygen 
to cells and by decreasing microvascular perfusion due to an increase in interstitial 
pressure.

26.3  New Evidence That Renal Microvascular Alterations Play 
a Central Role in Sepsis-Induced AKI

The availability of new techniques capable of visualizing the kidney microcircula-
tion is crucial to understand the contribution of renal microvascular alterations in 
sepsis-induced AKI. In addition, in daily practice we need techniques at the bedside 
to guide the resuscitation of the renal microcirculation and prevent any occult renal 
hypoperfusion despite optimization of macrovascular hemodynamic parameters. 
Several tools have been proposed to investigate renal microcirculatory perfusion at 
the bedside. Renal Doppler ultrasound measures the variations in intrarenal resis-
tance and has been proposed to assess modification in renal perfusion (renal resis-
tive index [RRI]) after fluid loading [13, 14] or vasopressor administration [15]. 
However, renal Doppler ultrasound does not directly quantify renal microcircula-
tory perfusion.

Contrast-enhanced ultrasonography (CEUS) is a recent non-invasive imaging 
modality enabling visualization and quantification of organ perfusion and microcir-
culation at the bedside. Renal CEUS has been proposed to quantify kidney micro-
circulation in patients in various conditions, including renal transplantation [16, 17] 
or vasopressor administration [18, 19].

CEUS uses microbubble contrast agents, which are composed of microbubbles 
of an injectable gas in a supporting shell (phospholipids or proteins). Their size 
(1–6 μm), similar to red blood cells (RBCs), enables the microbubbles to cross the 
capillary bed of the pulmonary circulation and to flow up to the capillary level of 
other organs, enabling assessment of their microcirculation (Figs. 26.1 and 26.2). 
At the same time, their size is large enough to ensure they do not cross the endo-
thelium, making them truly intravascular agents. Ultrasound waves induce a non-
linear oscillation of microbubbles and the backscattered signal consequently 
contains a range of frequencies in addition to that of the incident ultrasound field 
with a high echogenicity difference between the gas in the microbubbles and the 
soft tissue. The microbubbles can be injected as a bolus injection or as a constant 
infusion. When a constant infusion is administered, a ‘destruction-replenishment’ 
mode is applied in which higher power ultrasound pulses are used to destroy the 
bubbles followed by low-power ultrasound pulses to observe replenishment in the 
tissue. Signal- processing techniques have been developed to separate echoes gen-
erated by microbubbles from those generated by tissue. However, the existence of 
significant variations among animals or patients might be due to individual 
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Fig. 26.1 Illustration of images of renal contrast-enhanced ultrasonography (CEUS) in pigs. The left 
part of the image shows contrast-image mode imaging and the right part the standard (B-mode) image

Fig. 26.2 Illustration of images of renal contrast-enhanced ultrasonography (CEUS) in septic 
shock patients. The left part of the image shows contrast-image mode imaging and the right part 
the standard (B-mode) image
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differences and heterogeneities in the renal microcirculation but could also be 
related to ultrasound settings. It is of crucial importance that this issue is addressed, 
since this will identify the best CEUS variables for implementation in routine 
clinical practice.

Lima et al. [20], in a lipopolysaccharide (LPS)-induced shock model, validated 
the use of CEUS to identify renal microvascular alterations associated with shock 
against a recognized methodology for measuring the renal microcirculation: laser 
speckle imaging [21]. Reduced intrarenal blood flow could be estimated by mea-
suring the microbubble transit times between the interlobar arteries and capillary 
vessels in the renal cortex. Such microcirculatory alterations were not normalized 
by fluid resuscitation despite normalization of MAP, central venous pressure 
(CVP) and cardiac output, probably because of an inflammatory-induced obstruc-
tion of the endothelial microcirculation and increased microvascular permeability 
with accumulation of fluids in the renal tissue (microvascular congestion) and 
tissue edema.

Schneider et al. [22] were the first authors to test the feasibility of CEUS in the 
assessment of the renal cortical microcirculation in ICU patients. The authors per-
formed renal CEUS with destruction-replenishment sequences in 12 patients before 
elective cardiac surgery, on ICU admission and the day following the admission. 
The first result of this study was that the CEUS technique was safe in ICU patients 
without deleterious hemodynamic effects (absence of changes in systolic pulmo-
nary pressure after contrast-agent administration). The second result was that when 
compared with baseline, no overall difference in CEUS-derived parameters (perfu-
sion index, corresponding to the ratio of relative blood volume to mean transit time) 
was observed on ICU admission. However, 24 h after the operation, there was an 
overall 50% decrease in the perfusion index, suggestive of decreased renal cortical 
perfusion. These differences persisted after correction for hemoglobin, vasopressor 
use and MAP.  Four patients developed AKI in the postoperative period. These 
results complete previous results from Redfors et al. [23] who reported that renal 
blood flow, measured by the thermodilution technique and the measurement of 
para-immuno hippurate clearance, was decreased in postcardiac surgery patients 
(−40%) who developed postoperative AKI despite similar cardiac index and MAP 
in patients with and without AKI.

Recently, Harrois et  al. [24] evaluated cortical renal microcirculation in 20 
patients with septic shock within the first 24 h, between 24 and 48 h and after 
72 h of care. The first finding of this study was the highly variable renal cortical 
microcirculation in patients with septic shock despite similar restoration of sys-
temic hemodynamic parameters. Indeed, the renal cortical microperfusion was 
decreased, normal or even increased during septic shock after restoration of sys-
temic hemodynamic parameters. Thus, this study confirms that given the com-
plex and heterogeneous renal microvascular alterations, it is impossible to predict 
renal microvascular perfusion based on the restoration of macrohemodynamic 
data. This requires that we develop bedside techniques capable of visualizing the 
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renal microcirculation. The second finding of the study by Harrois et al. [24] was 
that perfusion of the renal cortex microcirculation was significantly reduced in 
patients with septic shock developing severe AKI (KDIGO stages 2 or 3) com-
pared to those who did not develop AKI (Fig. 26.3) and compared to a control 
group of ICU patients without septic shock. For the first time, an association 
between cortical renal perfusion and the occurrence of severe AKI in patients 
with septic shock was reported: the greater the alteration in mean transit time 
measured with CEUS, the higher the risk of severe AKI. This result highlights 
the central role of renal microvascular alterations in sepsis-induced AKI. In addi-
tion, the mean transit time at day 0 had the highest predictive value for severe 
AKI (area under the curve [AUC] = 0.82 [0.60–1.04]) compared to renal resistive 
index and cardiac index (Fig. 26.4).

CEUS can also be useful to test the microvascular effects of fluid resuscitation 
and vasopressor therapy in septic patients. For example, Schneider et al. [19] used 
CEUS to estimate the effect of an increase in MAP induced by norepinephrine infu-
sion on renal microvascular cortical perfusion in critically ill patients (83% septic 
shock patients). Overall, there was no difference in perfusion indices measured with 
CEUS between measurements obtained at baseline with a MAP level of 60–65 mmHg 
and those obtained after a norepinephrine-induced increase in MAP to reach a MAP 
of 80–85 mmHg. However, at the individual level, large variations were observed 
with increase or decrease in kidney microcirculatory perfusion. A tailored MAP 
target aimed at restoring renal microcirculation based on CEUS parameters presents 
an interesting perspective.
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Fig. 26.3 Evolution of mean transit time (mTT) during the first 3 days in the ICU in septic shock 
patients with acute kidney injury (AKI) KDIGO 2 or 3 (AKI+) or in septic shock patients without 
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26.4  Conclusion

The relative contribution of renal microvascular alterations in the pathophysiology 
of sepsis-induced AKI remains to be determined for appropriate treatment. The 
availability of new techniques capable of visualizing the renal microcirculation is 
crucial. In addition, in daily practice, we need techniques at the bedside to guide the 
resuscitation of the renal microcirculation and to prevent any occult renal hypoper-
fusion despite optimization of macrovascular hemodynamic parameters. CEUS is a 
recent non-invasive imaging modality enabling visualization and quantification of 
the renal microcirculation at the bedside. Recent results have demonstrated that 
given the complex and heterogeneous renal microvascular alterations, it is impos-
sible to predict renal microvascular perfusion based on the restoration of macrohe-
modynamic parameters. In addition, perfusion of the renal cortex microcirculation 
is significantly reduced in patients with septic shock who develop severe AKI, prov-
ing that renal microvascular alterations play a central role in sepsis-induced 
AKI. The use of renal CEUS to guide renal perfusion resuscitation needs further 
investigation with larger groups of critically ill patients.
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27Atypical Sepsis-Associated Acute  
Kidney Injury
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27.1  Introduction: AKI is a Major Public Health Problem 
and Sepsis-associated AKI is the Most Common Form

The overall incidence of acute kidney injury (AKI) in the USA is estimated to be 
about 7/1000 population [1]. Older adults and children are disproportionately 
affected in a bimodal distribution mirroring the incidence of sepsis [2], the leading 
cause of AKI [3–6]. Even mild forms of AKI are associated with increased risk of 
hospital mortality [6, 7], and AKI may result in chronic kidney disease and life-long 
morbidity, shortened survival and increased costs [8]. Moreover, severity of AKI 
varies by etiology and sepsis-associated AKI tends to be most severe. For example, 
KDIGO stage 3 occurs in <5% of patients undergoing cardiac surgery, but in >20% 
of patients with septic shock [9]. Once acquired, the consequences of AKI are also 
unequally distributed. Approximately one third of patients exhibit no reversal of 
renal dysfunction within the first few days of AKI. Roughly 25% will never recover, 
and experience a fivefold increase in mortality over the ensuing year [10]. Even 
among patients with sepsis-associated AKI, outcomes are heterogeneous and differ-
ent mechanisms may be involved [11]—indeed, no fewer than six have been 
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proposed [12]. Renal endothelial pathology is prevalent in experimental models of 
sepsis [12, 13]. Endothelial injury can reduce microcirculatory flow leading to perfu-
sion abnormalities and interstitial infiltration of inflammatory cells [13]. However, the 
reasons some patients exhibit these pathologic features while others do not are obscure.

27.2  Little is Known About the Underlying Mechanisms 
of Sepsis-Associated AKI in Humans

Relatively little is known about the underlying mechanisms of AKI in humans and 
much has been written about the limitations of experimental models [14, 15]. 
Despite the fact that sepsis is the leading cause of AKI, especially in the critically 
ill, sepsis-associated AKI is understudied and poorly understood [12]. Pathology 
from humans with sepsis-associated AKI is limited and there is controversy as to the 
nature of the histopathology. Takasu and colleagues performed an elegant study 
comparing 14 kidneys from patients with sepsis to 9 from controls [16]. Rapid bed-
side postmortem exams were conducted with light and electron microscopy and 
immunohistochemical staining for markers of cellular injury including kidney 
injury molecule- 1 (KIM-1). Patchy, acute tubular injury was present in 78% of sep-
tic kidneys, occurring in 10.3% and 32.3% of corticomedullary-junction tubules by 
conventional light microscopy and KIM-1 immunostains, respectively. Electron 
microscopy revealed increased tubular injury in sepsis, including hydropic mito-
chondria and increased autophagosomes, whereas glomeruli appeared normal [16]. 
By contrast, Augusto and colleagues performed kidney biopsies on 68 non- transplant 
patients with AKI (35% with sepsis) and found that 8 patients (12%) had evidence 
of thrombotic microangiopathy [17].

27.3  Atypical Hemolytic Uremic Syndrome is an Unusual 
Cause of AKI

Diseases of complement activation, including hemolytic uremic syndrome (HUS) 
and thrombotic thrombocytopenic purpura (TTP), cause microvascular thrombosis 
in the kidney and in other organs. The more common form of HUS is caused by 
strains of bacteria (mainly Escherichia coli) producing Shiga toxins (STEC-HUS) 
[18], whereas an atypical form (aHUS) is associated with genetic or acquired disor-
ders leading to dysregulation of the complement system [19, 20]. Unlike typical 
HUS, aHUS occurs in the absence of Shiga toxin producing bacterial infection, 
when atypical infectious, drug or environmental triggers lead to a state of comple-
ment dysregulation, the clinical consequence of which is microangiopathy, throm-
bocytopenia and AKI. Cases can be familial or sporadic, and it is estimated that 
between 40–60% of cases harbor a rare variant that constitutes a genetic risk for 
disease [21]. More than 120 mutations affecting various complement components 
and regulators have been described to date (Table 27.1), accounting for 50–60% of 
cases—reviewed in Noris et  al. [22]. Importantly, aHUS is thought to be an 
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Table 27.1 Main activators and regulators of the alternative complement pathway and their func-
tion with select examples of specific pathogenic variants described in atypical hemolytic uremic 
syndrome (aHUS)

Name 
(abbreviations)

Gene 
symbol Variant

Amino acid 
change MAF Function

Complement Activators
Complement 
component 3 (C3, 
C3a, C3b, 
AHUS5)

C3 c.784G>T
c.1407G>C

p.Gly262Trp
p.Glu469Asp

NFa

0.00394
The central zymogen of 
the complement 
cascade required for 
classical, alternative 
and lectin-mediated 
activation. Its cleavage 
products C3a and C3b 
act as direct 
chemoattractants, and 
amplification enzymes 
in the alternative 
pathway.

Complement 
factor B (BF, FB, 
AHUS4)

CFB c.608G>A
c.836A>G

p.Arg203Gln
p.Asp279Gly

0.0000085
NFa

Circulating activating 
component of 
alternative pathway. 
Cleaved by factor D, its 
catalytic subunit Bb 
combines with C3b to 
form the C3bBb 
alternative pathway C3 
convertase.

Complement Regulators
Membrane 
cofactor protein 
(MCP, CD46, 
AHUS2)

CD46 c.1058C>T
c.287- 
2A>G

p.Ala353Val 0.01532
0.00003

Binds C3b on cell 
surfaces and serves as a 
cofactor for 
CFI. Together CFI and 
CD46 inhibit 
complement by 
inactivating C3b 
deposits on cells.

Complement 
factor H (FH, 
CFH, AHUS1)

CFH c.1139C>A
c.3148A>T

p.Ser380Ter
p.Asn1050Tyr

NFa

0.01512
Recognizes C3b and 
cell surfaces through 
the C-terminus, 
whereas the N-terminus 
mediates cofactor 
activity for CFI; CFH 
also directly accelerates 
the decay of 
C3-convertase C3b/Bb.

Complement 
factor I (CFI, FI, 
AHUS3)

CFI c.1642G>C
c.1421G>A

p.Glu548Gln
p.Arg474Gln

0.00072
0.0000247

Plasma serine protease 
that cleaves C3b and 
C4b, inactivating 
complement, in the 
presence of soluble 
cofactors and/or 
membrane-bound 
complement regulators.

(continued)
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extremely rare disease affecting fewer than 1 in a million adults and 3.5 per million 
children [23]. As a result, the disease is rarely considered, especially in patients with 
alternative explanations for AKI, thrombocytopenia and multiorgan failure—such 
as sepsis. We have discovered that more than 20% of patients in our center with 
sepsis and AKI develop severe thrombocytopenia (<50,000/μl) during their hospital 
course and yet only about 1% are diagnosed with a TMA disease (e.g., HUS, TTP). 
Strikingly, we have also identified genetic variation in some adults with septic 
shock, known to be consistent with aHUS [24] (see below).

27.4  Drug-Associated Thrombocytopenia

Of course, there are many causes of thrombocytopenia in the critically ill, especially 
in patients with sepsis. Multiple medications can induce thrombocytopenia. 
However, medications have also been linked to aHUS. In a case-series of for indi-
viduals with ticlopidine-associated TMA, complement factor H (CFH) sequencing 
was performed and three different rare variants were identified: c.2808G>T 
p.Glu936Asp, c.2850G>T p.Gln950His (ExAC MAF 0.00358), and c.3148A>T 
p.Asn1050Tyr [25]. The c.3148A>T p.Asn1050Tyr and c.2850G>T p.Gln950His 
variants have also been associated with aHUS [26–28]. While these disorders are 
distinct, the occurrence of a shared genetic risk allele emphasizes the pleotropic 
effects of complement mutations on kidney injury, further supporting a potential 
role in the pathogenesis of sepsis-associated AKI.  In fact, the CFH c.2808G>T 
p.Glu936Asp variant (ExAC MAF 0.196) and the locus surrounding it plays a key 
role in determining host sensitivity to invasive meningococcal disease, again pro-
viding evidence for the loci’s impact in infection [29]. This is likely related to the 
complement cascade’s evolutionary role in the innate immune response. As 

Table 27.1 (continued)

Name 
(abbreviations)

Gene 
symbol Variant

Amino acid 
change MAF Function

Complement 
factor H-related 
proteins (CFHRs)

CFHR1
CFHR5

c.130C>T
c.832G>A

p.Gln44Ter
p.Gly278Ser

0.00014
0.00729

Secreted proteins of the 
complement factor H 
protein family.

Thrombomodulin THBD c.1456G>T
c.127G>A
c.1504G>C

p.Asp486Tyr
p.Ala43Thr
p.Gly502Arg

0.00764
0.00343
0.00227

Anticoagulant; involved 
in the generation of 
thrombin-activatable 
fibrinolysis inhibitor, a 
plasma 
carboxypeptidase B 
that cleaves C3a and 
C5a; binds to C3b, 
accelerating its 
inactivation by CFI in 
the presence of CFH

MAF minor allele frequency from ExAC. In most cases MAF is <1%
aNot found (NF) in ExAC, a population based human sequence database of 60,706 individuals, 
yielding a MAF of presumably <0.00001. Additional genes of interest include CFB, CFHR3, 
CFHR4, PLG and DGKE
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complement activation is advantageous in pathogen clearance, the p.Glu936Asp 
variant lowers host-susceptibility to meningococcal infection [29], while concomi-
tantly predisposing to inappropriate triggers in the setting of drug exposure [25] or 
inability to effectively downregulate the complement cascade once activated in 
aHUS [27] and potentially sepsis-associated AKI following infection.

27.5  Is It Really Possible that aHUS Is More Prevalent than 
Currently Thought or that Complement Activation Plays 
a Role in Some Cases of Sepsis-Associated AKI?

We appreciate that the idea that we are currently missing a critical diagnosis in a 
small but important number of patients might be seen as an outrageous assertion by 
some. However, consider the following. First, the ProCESS trial randomized 1351 
patients with septic shock to 1 of 3 fluid resuscitation strategies [30]. Over 50% 
developed AKI [9]. We selected six patients with the highest ferritin levels as a 
screen for inflammation and performed whole exome sequencing with confirmation 
by Sanger sequencing [24]. Genetic variants linked to aHUS were seen in 50%, with 
one patient carrying two mutations (CD46 c.1058C>T p. Ala353Val and CFHR5 
c.832G>A p.Gly278Ser). All patients were heterozygotes and were asymptomatic 
prior to developing sepsis (two were >60 years of age and the third was 32 years 
old). All three patients with aHUS variants had thrombocytopenia and renal dys-
function, but were not diagnosed with HUS or TTP; all three died. Second, more 
than 20% of patients in our center with sepsis and AKI develop severe thrombocy-
topenia (<50,000/μl) during their hospital course and yet only about 1% are diag-
nosed with a TMA disease (e.g., HUS, TTP). Finally, we found that diagnostic 
workups for these diseases occurred in relatively few patients, the majority of which 
were positive suggesting that the conditions are not being considered frequently 
enough. Even if our genetic screen found every patient with aHUS in the ProCESS 
cohort, the event rate would still be nearly 0.5% of patients with sepsis and AKI. For 
the US population this would translate to 9 per million adults per year—nearly 10 
times the current estimate. Given that the condition is treatable and frequently pro-
gresses to death or end-stage renal disease without therapy, a substantial impact on 
outcome is possible.

27.6  New Treatments for Sepsis-Associated AKI Are Urgently 
Needed and Treatments Targeting Complement 
Activation are Currently Available with Several New 
Drugs in Development

Over the last 30 years, attempts to improve outcomes for patients with AKI have 
targeted hemodynamics [31–33], diuretics (including natriuretic peptides) [34, 35] 
and oxidative stress [36]. All have been failures [37]. One explanation for the failure 
to advance therapies is the flawed conceptual model that considers AKI a uniform 
disease. In reality, AKI is a loose collection of syndromes each with its own specific 
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pathobiology [11, 38]. Our hypothesis is that even within a specific etiologic- 
subtype of AKI (i.e., sepsis), alternative molecular mechanisms exist. We hope that 
in isolating individuals with the TMA phenotype with a genetic variant associated 
with complement dysregulation, specific targeted therapy will be possible. For 
aHUS, paroxysmal nocturnal hemoglobinuria as well as other disorders character-
ized by hyperactive complement including age-related macular degeneration, myo-
cardial infarction, ischemia reperfusion injury and autoimmune disorders [39, 40], 
complement activation is a viable drug target and several therapies are in the devel-
opment pipeline [22]. Plasma exchange and eculizumab can both be used at present, 
but several other agents are being tested. Unlike eculizumab, some of these agents 
are small molecules, with the potentiality of oral bioavailability, lower costs and 
decreased immunogenicity [41]. Some of the compounds under development have 
more upstream targets than does eculizumab, acting at the level of C3. These com-
pounds could theoretically be more effective by providing more complete comple-
ment blockade, while compounds targeting C5 and its activation products could be 
safer at the expense of reduced effectiveness due to unchecked upstream comple-
ment activation. In any case, no fewer than 15 compounds are in development [22] 
providing a rich pipeline for potential agents.

27.7  Other Advantages of Genetic Testing

Identification of the specific genetic defect carries crucial prognostic information in 
aHUS.  CFH mutations are associated with the worst prognosis, with 70–80% of 
patients progressing to end-stage renal disease or dying, and a high prevalence of 
post-transplantation recurrences. At the other end of the spectrum are patients with 
membrane cofactor protein mutations, who rarely develop end-stage renal disease 
and, if they do so, have excellent transplant outcomes [19]. In addition, other diseases 
may be discovered in patients with sepsis, AKI and thrombocytopenia. In around 5% 
of cases of TTP, the enzyme deficiency is congenital owing to homozygous or com-
pound heterozygous mutations in ADAMTS13 [42]. Rarely, this form of TTP first 
manifests in adulthood [43]. Other syndromes and mechanisms may be operating in 
these patients as well. For example, we recently reported on the role of Tie2 disrup-
tion as a sentinel event in septic disseminated intravascular dissemination (DIC) [44]. 
In endotoxemic mice, reduced Tie2 signaling preceded signs of overt DIC. Conversely, 
Tie2 activation normalized prothrombotic responses by inhibiting endothelial tissue 
factor and phosphatidylserine exposure. Mutations in TEK genes have been described, 
serving as an alternative target for investigation.

27.8  Conclusion

Despite its common occurrence in critically ill patients, little is understood about 
the mechanisms underlying sepsis-associated AKI and no specific treatments are 
available. aHUS is an acknowledged exception where mechanisms are known with 
targeted therapy available. However, aHUS is believed to be very rare. Recent 
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findings challenge this assumption and we ask whether aHUS may explain more 
cases of sepsis-associated AKI than previously thought (perhaps as high as 5–10%). 
If confirmed, the treatment for sepsis-associated AKI and subsequent outcomes 
would be radically changed for this subgroup. Perhaps it would even change the 
treatment paradigm for sepsis-associated AKI in general by removing these patients 
from other treatment protocols and introducing genetic testing as a common man-
agement tool for patients with sepsis-associated AKI. Only the future will tell.
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28Latest Developments in Perioperative 
Acute Kidney Injury

M. Meersch and A. Zarbock

28.1  Introduction

Acute kidney injury (AKI) is defined as an abrupt loss of kidney function occurring 
within hours to days. The scope of AKI ranges from subclinical to severe, dialysis- 
requiring AKI and from a reversible to an irreversible syndrome. This elucidates 
why finding the optimal management strategy for patients at high risk of developing 
of AKI is so challenging.

Sepsis, extended surgical procedures and nephrotoxic agents are the most com-
mon causes of AKI. Hence, it is not surprising that AKI is a frequent complication 
in the intensive care unit (ICU). Since the development of the various consensus 
criteria, awareness of this serious, life restricting complication has increased. The 
current Kidney Disease: Improving Global Outcomes (KDIGO) diagnostic criteria 
are based on urine output and/or serum creatinine (Box 28.1). These criteria reflect 
the fact that even mild changes in renal function are associated with adverse out-
comes. However, both these markers have important limitations that need to be 
considered in clinical routine including the inability of providing an early diagnosis. 
However, early identification of high-risk patients is indispensable to effectively 
initiate preemptive strategies. New biomarkers can detect patients at high risk for 
the development of AKI suffering from kidney stress prior to changes in renal func-
tion. There are further clinical situations that might alter the risk for AKI in the 
perioperative period.
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28.2  Oliguria and the Effects of Fluids

28.2.1  Oliguria

Oliguria, when present long enough, can be a response to acute tubular necrosis or 
acute kidney injury. However, there are a large number of other reasons for oliguria, 
ranging from a maladaptive response to end-stage liver disease to congestive heart 
failure or a response to hypovolemia. The reliability of intraoperative urine output 
as a surrogate marker is frequently debated since other factors such as hemody-
namic variability, e.g., due to anesthetic agents as well as hormone levels might alter 
the risk for oliguria and are not necessarily a result of renal dysfunction.

Isolated oliguria-based AKI has been shown to be more commonly associated 
with less severe adverse outcomes compared to isolated serum creatinine-based 
AKI [1–3]. However, recently a single center retrospective trial demonstrated that 
intraoperative oliguria was associated with the development of AKI, especially in 
patients with oliguria lasting more than 120 min [4]. The results of a logistic regres-
sion analysis showed that the odds for AKI increased significantly with the duration 
of oliguria (odds ratio [OR] 12.4 for patients with ≥300 min oliguria; p < 0.001) [4]. 
In another trial analyzing 320 living donors for liver transplantation, it was demon-
strated that oliguria-based AKI was associated with adverse outcomes [5]. The 

Box 28.1 The Kidney Disease: Improving Global Outcomes (KDIGO) Staging 
Criteria For Acute Kidney Injury (AKI)

 1. AKI is defined as
• Increase in serum creatinine ≥0.3 mg/dL (26.5 μmol/L) within 48 h, OR
• Increase in serum creatinine by ≥1.5-fold above baseline, known or 

presumed to have occurred within the last 7 days, OR
• Urine volume <0.5 mL/kg/h for 6 h

 2. AKI severity is staged by the worst of either serum creatinine or 
oliguria

Stage Serum creatinine Urine output
1 ≥1.5 to 1.9 times baseline

OR
>0.3 mg/dL (26.5 μmol/L) increase

<0.5 mL/kg/h for 6–12 h

2 ≥2.0 to 2.9 times baseline <0.5 mL/kg/h for ≥12 h
3 ≥3.0 times baseline OR

Increase in serum creatinine to ≥4.0 mg/dL 
(353.6 μmol/L) OR
RRT OR
In patients <18 year, decrease in eGFR to <35 mL/
min/1.73 m2

<0.3 mL/kg/h for ≥24 h
OR
Anuria for ≥12 h

eGFR estimated glomerular filtration rate; RRT renal replacement therapy
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results showed significantly increased ICU and hospital days, and a lower chronic 
kidney disease-free survival rate at day 90 in patients with isolated oliguria-based 
AKI as compared to patients with serum creatinine-based AKI. These studies high-
light that oliguria-based AKI must not be underestimated because there appears to 
be an association with adverse outcomes.

28.2.2  Fluid Therapy

The administration of intravenous crystalloids in the perioperative period plays a 
crucial role to maintain hydration and to increase intravascular volume. However, it 
has been shown that the type of fluid may have an impact on the occurrence of AKI. 
‘Physiological’ saline (0.9% sodium chloride) is still frequently used although it is 
known that it contains unphysiologically high sodium concentrations. With increas-
ing doses, the risk of hyperchloremic acidosis with subsequent renal dysfunction 
caused by renal vasoconstriction has been described [6]. In non-cardiac surgical 
patients, it was demonstrated that approximately 22% of patients suffered from 
hyperchloremia [7] and that severe hyperchloremia was associated with an increased 
incidence of AKI [7, 8]. Recently published trials showed that the use of saline solu-
tions resulted in a higher occurrence of the composite outcome consisting of death, 
persistent renal dysfunction or renal replacement therapy (RRT) compared with bal-
anced crystalloids [9]. On the other hand, data from a further large randomized 
controlled trial (RCT) including 2278 critically ill patients showed no significant 
reduction in the occurrence of AKI if buffered solutions were used compared to 
saline administration (9.6% vs. 9.2%, p = 0.77) [10]. To date, it remains unclear 
whether balanced solutions are superior to saline regarding the occurrence of 
AKI. In addition, the amount of fluid administered might play a pivotal role. Several 
studies in critically ill patients have shown that fluid overload is associated with the 
development of organ edema which may lead to AKI and worsening of preexisting 
AKI [11, 12]. Since hypovolemia as well as hypervolemia are associated with 
increased morbidity and mortality, it appears reasonable to consider the application 
of intraoperative diuretics in hypervolemic situations. However, the KDIGO guide-
lines recommend the use of diuretics only for managing severe fluid overload and 
not for the prevention of AKI [13]. There is an association between the use and the 
dose of diuretics and the development of AKI, especially in patients with preexist-
ing renal dysfunction so that they cannot be recommended [14].

28.2.3  Fluid Balance

The effect of intraoperative fluid balance has been investigated in several clinical 
trials. The underlying assumption is that intraoperative volume expansion improves 
hemodynamics including renal perfusion with less occurrence of AKI. Recently, the 
effect of two intraoperative fluid strategies (liberal 8–10  mL/kg/h vs. restrictive 
2–4  mL/kg/h) on urine output has been investigated in patients undergoing 

28 Latest Developments in Perioperative Acute Kidney Injury



358

laparoscopic procedures [15, 16]. No difference in intraoperative urine output and 
in the occurrence of AKI was detected. However, these results were based on 
patients undergoing laparoscopic procedures in which an altered distribution of 
intravenous fluids might be the underlying cause for the results. In other clinical 
settings, e.g., abdominal surgery, a recently performed large RCT demonstrated that 
a restrictive fluid therapy providing a net zero fluid balance was associated with 
lower intraoperative urine output and with an increased occurrence of serum creati-
nine-based AKI in patients at high risk for perioperative complications [17]. 
Moreover, the risk of needing RRT was significantly higher in the restrictive group 
as compared to the liberal group (hazard ratio [HR] 3.27, 95% CI 1.01–2.85, 
p = 0.048).

In conclusion, isolated oliguria-based AKI is as important as serum creatinine- 
based AKI and should be critically appraised. There is evidence that buffered solu-
tions are superior to saline solutions. However, the amount of crystalloids 
administered plays a pivotal role and the fluid management strategy needs to be 
individualized according to the patient’s underlying condition (Box 28.2).

28.3  Preemptive Strategies

Realizing that it is too late to initiate preemptive strategies when changes in the two 
functional biomarkers, serum creatinine and urine output, become apparent, led to a 
new understanding of AKI.

Several studies have demonstrated that new renal biomarkers can detect ‘sub-
clinical AKI’, kidney damage without or prior to a loss of renal function [18]. These 
biomarkers are able to detect AKI much earlier. However, the performance of the 
biomarkers has varied depending on the patient population. In a well-defined setting 
of AKI, i.e., in patients undergoing cardiac surgery, the performance of these 

Box 28.2 Risk Factors for Acute Kidney Injury

Preoperative factors Perioperative factors Other factors
• Female
•  Congestive heart 

failure
•  Mechanical assist 

devices
•  Chronic kidney 

disease
• IDDM
• COPD
• Age >70 years

• Hemodynamic instability
• Cardiopulmonary bypass
• Infection
• Sepsis
• MODS
•  Extended surgical 

procedures
• Hypervolemia

•  Antibiotics (amphotericin, 
aminoglycosides, vancomycin

•  Nephrotoxic agents (e.g., 
radiocontrast media)

• Transfusion
• Hyperchloremic fluids

IDDM insulin dependent diabetes mellitus; MODS multiorgan dysfunction syndrome; 

COPD chronic obstructive pulmonary disease
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markers was very good [19], whereas in a heterogeneous patient population with a 
variable onset of AKI, biomarker performance was reduced [20]. Consequently, the 
“renal angina” concept was introduced, which combines clinical conditions, comor-
bidities and biomarkers. This significantly improved the negative predictive value of 
these markers [21].

There are some preventive measures that can protect the kidneys from an acute 
loss of kidney function (Fig. 28.1).

28.3.1  Remote Ischemic Preconditioning

Remote ischemic preconditioning is a simple and safe intervention with organ pro-
tective properties. It consists of transient episodes of sublethal ischemia and reper-
fusion injury to a remote tissue or organ before the subsequent injury occurs. 
Typically, remote ischemic preconditioning is performed by inflating a blood pres-
sure cuff on the upper arm to 200 mmHg (or 50 mmHg higher than the systolic 
blood pressure) for several minutes to produce ischemia followed by a cuff deflation 
to mimic reperfusion. These cycles are repeated several times. The underlying pro-
tective mechanisms are unclear but the release of damage associated molecular pat-
terns and the induction of cell cycle arrest with the release of cell cycle arrest 
markers seem to play a pivotal role.

Several trials have shown the renoprotective effects of remote ischemic precon-
ditioning after surgery [22, 23] whereas other studies showed no effects [24, 25]. 
Different trial designs, different endpoints and the heterogeneity of the patient 
cohorts make it hard to compare the results. However, when deciding whether to 
implement remote ischemic preconditioning, it is important to note that some sub-
stances have a preconditioning-blocking effect (e.g., propofol) and therefore protec-
tive effects are mitigated [26–28]. Remote ischemic preconditioning remains a 
simple, economical and uneventful procedure and should consequently be consid-
ered as a preemptive strategy in high-risk patients.

High
risk

Fluid overload

Saline Nephrotoxins

Advanced ageExtended surgical
procedures

RIPC
KDIGO bundles

Dexmedetomidine?

Risk of AKI

Fig. 28.1 Risk factors for acute kidney injury (AKI) and preemptive strategies. RIPC remote 
ischemic preconditioning; KDIGO Kidney Disease: Improving Global Outcomes
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28.3.2  KDIGO Bundles

According to the KDIGO guidelines, in patients at high risk for the development of 
AKI a bundle of supportive measures should be implemented. These supportive 
measures include close monitoring of serum creatinine and urine output, discon-
tinuation and avoidance of nephrotoxic agents, use of alternatives to radio contrast 
agents, avoidance of hyperglycemia, maintenance of volume status and perfusion 
pressure, and functional hemodynamic monitoring [13]. A recently performed RCT 
analyzed whether this bundle truly affects the occurrence of AKI in patients under-
going cardiac surgery [29]. High-risk patients were defined as patients with elevated 
levels of biomarkers that have previously been shown to predict the occurrence of 
AKI [30]. The high-risk group showed an AKI incidence of 71.7% whereas in the 
low-risk group the incidence was only 21% indicating that this biomarker-based 
approach selected patients at high risk. Patients with high biomarker levels were 
randomly allocated to receive either strict implementation of the KDIGO bundle, 
including a predefined hemodynamic algorithm, or standard care. Patients in the 
intervention group had a significantly lower incidence of AKI compared to controls 
(absolute risk reduction 16.6%, 95% CI 5.5%–27.9%, p = 0.004). Additionally, a 
further trial on high-risk patients undergoing major abdominal surgery showed that 
optimizing fluid status using a predefined bundle reduced the incidence of moderate 
and severe AKI and reduced ICU and hospital lengths of stay [31].

Although most clinicians believe that some of the supportive measures recom-
mended by the KDIGO guidelines are already implemented in every patient (e.g., 
avoidance of hyperglycemia, avoidance of nephrotoxic agents), the literature tells a 
different story. For example, hyperglycemia is a common complication after cardiac 
surgery. An occurrence rate of up to 74% in non-diabetic patients has been reported 
[32] reflecting that standard treatment may not be as good as expected. Moreover, 
some of the measures recommended, such as the implementation of functional 
hemodynamic monitoring which often implies invasive monitoring, cannot be rec-
ommended for every patient due to the associated risks.

In conclusion, in high-risk patients undergoing major surgery, close monitoring 
of metabolic and renal status and optimization of hemodynamics via functional 
hemodynamic monitoring to ensure perfusion pressure should be enforced.

28.3.3  Pharmacologic Options

Several pharmacologic options have been analyzed to protect the kidneys from 
injury. Statins, which are mainly used to reduce cholesterol levels to prevent cardio-
vascular disease, have been assumed to reduce the occurrence of AKI due to their 
pleiotropic effects. However, the most recent data in statin naïve cardiac surgery 
patients showed no benefit for patients receiving high-dose statin treatment with 
atorvastatin compared to patients receiving placebo [33]. The same was true for 
patients under pretreatment with statins where no reduction in the occurrence of 
AKI could be detected in patients receiving additional statin administration 
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compared to placebo [33]. Additionally, in the ICU setting, especially in patients 
with community-acquired pneumonia, no effect of statins on the incidence of AKI 
could be detected resulting in the conclusion that there is no evidence for the pre-
emptive use of statins.

Dexmedetomidine, a highly selective alpha-2 agonist that is commonly used in 
the ICU setting, has been shown to provide cytoprotection after renal ischemia and 
to ameliorate hypoxemia-induced apoptosis in proximal tubular epithelial cells in 
animal studies [34, 35]. In the clinical setting, several trials have focused on cardiac 
surgical patients. A recently performed meta-analysis analyzing the effects of dex-
medetomidine on the prevention of cardiac surgery-associated AKI showed that 
overall dexmedetomidine was associated with a significantly reduced incidence of 
AKI compared to controls (relative risk 0.44, 95% CI 0.26–0.76, p = 0.003) [36]. 
However, currently there are only three RCTs with a relatively small patient cohort 
available. Therefore, due to the low evidence, a general recommendation for the use 
of dexmedetomidine for preventing AKI cannot be proposed.

28.4  Conclusion

AKI is an independent risk factor for worse outcomes. Warning signals, such as 
elevated biomarker levels or oliguria, should be recognized. Reducing the use of 
nephrotoxins and avoidance of hyperglycemia is recommended for every patient. In 
high-risk patients, the implementation of supportive measures as recommended by 
the KDIGO guidelines reduces the occurrence of AKI and should be considered. A 
multimodal approach including a strategy of risk assessment and risk identification 
seems to be a reasonable procedure.
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29Renal Replacement Therapy During 
Septic Renal Dysfunction

S. Romagnoli, Z. Ricci, and C. Ronco

29.1  Introduction

Sepsis-induced acute kidney injury (AKI) represents the leading cause of AKI in the 
intensive care unit (ICU). This syndrome is characterized by an acute deterioration 
of renal function and glomerular filtration in the context of sepsis and multiple 
organ damage. Sepsis-induced AKI is diagnosed in almost 50% of critically ill sep-
tic patients and 15–20% of them require renal replacement therapy (RRT) [1]. 
Moreover the syndrome is associated with short and long-term adverse outcomes 
including mortality and the development of chronic kidney disease [2]. Hemodynamic 
support and avoidance of toxic drugs (contrast media, non-steroidal anti- 
inflammatory drugs, antibiotics) still remain the most efficient strategies aimed at 
preventing or treating sepsis-induced AKI together with the administration of 
diuretics to balance fluid administration and the application of RRT in oligoanuric 
patients and/or those with severe acid base and electrolyte derangements [3]. Fifty 
to 60% of patients with sepsis-induced AKI receiving RRT in the ICU do not sur-
vive the hospital admission as also remarked in the Beginning and Ending Supportive 
Therapy for the Kidney (BEST Kidney) study in which patients with sepsis-induced 
AKI receiving continuous RRT (CRRT) had a longer hospital length of stay and 
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higher mortality (70%) compared with those who received RRT outside the septic 
syndrome (52%) [4].

Renal support or replacement with continuous or intermittent modalities is usu-
ally applied to patients with more severe stages of AKI: KDIGO (Kidney Disease 
Improving Global Outcome) or AKIN (Acute Kidney Injury Network) AKI stage 3 
[5]. In a sub-analysis of the Intensive Care Over Nations (ICON) audit, a multi-
center worldwide study, including 4727 adult critically ill patients with AKI, RRT 
was performed in 4.0%, 5.7%, 6.8%, and 58.6% of patients without AKI and with 
AKI stage I, stage II, and stage III, respectively, with hemofiltration as the most 
frequent modality of RRT in sepsis-induced AKI vs non sepsis-induced AKI patients 
[5, 6]. Mortality rate was higher in patients receiving RRT (40%) compared to those 
without RRT (22%) with no difference between hemofiltration vs. hemodialysis. 
Until recently, our knowledge about RRT administration in sepsis-induced AKI has 
been derived largely from uncontrolled observational reports. More recently, large- 
scale controlled clinical studies have been conducted. Although most of these stud-
ies have been undertaken in heterogeneous groups of ICU patients with severe AKI, 
most of the patients had sepsis-induced AKI. Here we summarize current knowl-
edge on RRT for patients with sepsis-induced AKI as a supportive measure in 
advanced stages of AKI. In addition, the application of RRT as blood purification 
therapy for sepsis (clearance of inflammatory mediators) will be addressed with a 
critical review of published studies.

29.2  Sepsis-Induced AKI: Pathophysiology and Rationale 
for Blood Purification

The ‘endotype’ sepsis-induced AKI is different from other forms of AKI in terms of 
pathogenesis, patient characteristics and clinical outcomes [7]. The hemodynamic 
derangements occurring during sepsis and septic shock have been considered as the 
main cause of AKI. Nevertheless, although our understanding of the pathogenesis of 
sepsis-induced AKI is still incomplete, it is now evident that hypoperfusion and 
ischemia do not completely explain the pathogenesis of sepsis-induced AKI because 
it can develop even in the presence of normal or even increased renal blood flow [8]. 
The mechanisms of sepsis-associated kidney damage come from blood flow redis-
tribution and toxic and/or immunologic causes. Different to the pure hemodynamic 
mechanism, the pathophysiological theory of ‘tubular injury’ due to inflammatory 
mediators suggests that toxins in the bloodstream may be able to alter the renal 
microcirculation, induce apoptosis and functional alterations of tubular cells and 
concomitantly modulate the immune response in septic patients, representing the 
inciting mechanism for tubular stress and kidney damage [9]. Toxins causing tubu-
lar injury are grouped as pathogen-associated molecular patterns (e.g., lipopolysac-
charide [LPS], porins, mannose-containing glycoproteins, lipoteichoic acid, 
flagellin, double strain RNA and quorum sensing molecules), damage-associated 
molecular patterns, endogenous molecules released by injured or necrotic cells 
(RNA, single/double strain DNA, ATP, histones and high-mobility group box 1 
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[HMBG1]), inflammatory cytokines and chemokines (interleukin [IL]-6, IL-8, 
IL-18, tumor necrosis factor [TNF]) and complement fragments [9]. These medium-
sized molecules (molecular weight 8–60 kDa), are water soluble and do not bind to 
the plasma proteins [10]. They may reach the kidney by direct glomerular filtration 
and modulate the biological activities of epithelial tubular cells and, by acting on 
endothelial cells located in the peritubular capillaries, induce microvascular 
derangement. These toxins lead to alterations of tubular function at the basolateral 
compartment and biologic alterations, loss of cell polarity, apoptosis, enhanced 
senescence, and differentiation of tubular epithelial cells to fibroblasts [11]. The 
physical characteristics of such toxins make them theoretical targets for extracorpo-
real removal by RRT either with standard high flux membranes, with a nominal 
cut-off of 10–30 kDa or, more efficiently, with special membranes specifically man-
ufactured for this purpose (see below) [10]. If the ‘humoral pathogenesis’ of sepsis- 
induced AKI is confirmed, RRT may be started as a specific treatment to protect and 
improve renal function, rather than to replace it in the phase of oligo-anuria.

29.3  Optimal Timing to Commence RRT in Sepsis

There is no clear consensus on the optimal timing for RRT in sepsis-induced 
AKI. Classic indications for starting RRT in patients with AKI (severe metabolic 
acidosis, hyperkalemia, uremia, oliguria/anuria and pulmonary edema unresponsive 
to diuretic therapy) are now universally accepted by nephrologists and intensive care 
physicians [3]. However, reasons for RRT in critically ill patients are frequently dif-
ferent from those indicated. Positive fluid balance, electrolyte disorders and meta-
bolic acidosis are commonly observed in ICU patients with sepsis even with lower 
stages of AKI.  In light of the inflammatory theory of sepsis-induced AKI, these 
insults, associated with an increase in serum concentration of inflammatory cyto-
kines, may potentially cause additional damage to the kidney and lessen the chance 
of renal recovery [12]. Positive fluid balance and weight gain have been associated 
with multiple organ dysfunction and reduced survival in critically ill and surgical 
patients. Moreover, starting RRT early in patients with sepsis-induced AKI could 
limit fluid overload, organ injury, and, theoretically, contribute to managing the 
abnormal host response to infection [13]. By contrast, starting RRT too early, when 
renal function is clinically still acceptable or before a clear understanding of the pos-
sibility of rapid recovery, may expose patients to unnecessary risks: extracorporeal 
blood contact, anticoagulation, immobilization, unwanted loss of antibiotics or other 
drugs and electrolytes. Data from the literature have shown that early RRT may be 
associated with improved survival in patients with sepsis-induced AKI [14]. From 
the BEST Kidney study, a later RRT start in terms of both time and disease state 
(higher serum creatinine) was associated with worse outcomes in terms of renal 
recovery [15]. In a single-center retrospective study of 147 septic AKI patients, the 
group was divided according to serum urea into those who received RRT when serum 
urea was <36  mmol/L (early) and those who received RRT when the urea was 
>36 mmol/L (late) [16]. The mortality rate was significantly lower in the group with 
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early RRT (52% vs. 68%, p < 0.05), but the dose and adequacy of RRT were not 
considered, and there may have been a selection bias because more than twice as 
many patients who started RRT late had cancer. A recent further retrospective analy-
sis of the RENAL study, assessing RRT timing, investigated a subgroup of 439 
patients (53% with sepsis). No significant relationships between RRT timing and 
mortality, duration of mechanical ventilation, ICU length of stay, or renal recovery 
were found. Importantly, patients without urgent indications for RRT and those with 
higher serum creatinine levels tended to have higher survival rates when RRT was 
started later [17]. Although some of these studies showed a benefit of earlier start of 
RRT in critically ill patients with AKI (before the onset of complications and of fluid 
overload), heterogeneity in patient populations, limited numbers of enrolled patients, 
design issues related to historical uncontrolled studies with marked publication bias, 
differences in definition of timing and renal failure, and variations in prescriptions 
and modalities suggest caution in drawing conclusions about ‘when to start’.

Two randomized controlled trials (RCTs), published in 2016, investigated ‘tim-
ing’ as a critical variable affecting outcome of critically ill patients with AKI. Zarbock 
et al. [18] conducted a single center RCT that compared early (within 8 h of reach-
ing KDIGO stage 2 AKI; n = 112) to delayed (within 12 h of stage 3 AKI or no 
initiation; n = 119) initiation of RRT and explored the 90-day all-cause mortality in 
the 231 critically ill patients enrolled. The authors showed that patients in the early 
group had significantly lower 90-day mortality compared with the delayed group 
(an absolute risk reduction of 15.4% [95% CI, −28.1% to −2.6%]; p  =  0.03). 
Moreover, the early group showed shorter duration of RRT, shorter hospital length 
of stay, and higher rate of renal recovery by day 90. The second RCT, by Gaudry 
et al., including 80% septic patients, found no difference in survival between early 
and delayed RRT [19]. The study involved 620 patients with KDIGO stage 3 AKI 
requiring mechanical ventilation, vasopressors, or both but without life-threatening 
complications requiring immediate RRT. In the early group, patients had RRT initi-
ated immediately after randomization whereas in the delayed strategy group, RRT 
was started if one of the following criteria was reached: severe hyperkalemia, meta-
bolic acidosis, pulmonary edema, blood urea nitrogen level higher than 112 mg/dL, 
or oliguria for more than 72 h after randomization. No difference in survival rate at 
day 60 was found: 48.5% in the early-strategy group and 49.7% in the delayed- 
strategy group (p = 0.79). Interestingly, about half of the patients in the delayed 
group did not require RRT (recovery of spontaneous urine output) but had similar 
outcomes compared to those patients who did receive it and, different from the 
study by Zarbock et al., more than 50% of the patients received intermittent hemo-
dialysis (IHD) as the first method of therapy and only 30% of them received CRRT 
as the sole method (with no intermittent dialysis at any time).

When evaluating these recent RCTs, significant differences in study design, pop-
ulations, and choice of RRT modality should be taken into consideration before 
reaching any conclusion about RRT timing. Beyond isolated variables, such as the 
number of hours needed to start the RRT or a specific metabolic parameter or AKI 
stage, a more personalized good-sense approach should guide our clinical decisions 
[20]. It appears not to be particularly dangerous, in terms of survival probability and 
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in highly specialized centers, to proactively start early treatment. However, this 
decision should be counterbalanced by the actual need of the treated patient (is a 
severe state of fluid overload present? Is the patient severely catabolic? Does the 
patient need to receive nephrotoxic drugs and/or parenteral nutrition? Does he/she 
require high transfusion volumes?); by his/her clinical condition (i.e., presence or 
not of sepsis-induced AKI, coagulation disorders, hemodynamic instability, ease of 
achieving vascular access); and finally, by the 50% possibility of a timely spontane-
ous urine flow recovery. New trials exploring optimal timing are ongoing and will 
probably clarify this controversial issue. The first of these is the The Standard versus 
Accelerated Initiation of Renal Replacement Therapy in Acute Kidney Injury 
(STARRT-AKI, ClinicalTrials.gov Identifier NCT02568722) trials. STARRT-AKI 
is an international multicenter study (130 sites involved so far) enrolling patients 
with severe AKI randomized to receive RRT (any mode) within 12 h or at the discre-
tion of the clinician and it is currently at about 70% of target recruitment (2866 
patients). The second study, the Initiation of Dialysis Early versus Delayed in the 
Intensive Care Unit (IDEAL-ICU, NCT01682590), is a French study, including 
patients with severe AKI (Risk, Injury, Failure, Loss of kidney function, and End- 
stage kidney disease [RIFLE] F stage) in early septic shock within 48 h of need for 
catecholamine infusion. RRT is allowed at any doses over 25 mL/kg/h (or IHD at 
least every 2 days for 4–6 h). This study has finished recruitment and publication of 
its final results is expected soon.

In conclusion, the optimal timing for RRT in sepsis-induced AKI is an unsolved 
and evolving issue. In addition to the absolute urgent/emergent indications for RRT, 
careful stratification based on organ dysfunction, main acute disease, chronic 
comorbidities, medications, nutritional needs and fluid status could better indicate 
the right time in the right patient with the right method. Moreover, the attempt to 
standardize the timing of RRT without evaluating each patient from a ‘holistic’ 
viewpoint may expose the patient to risks of both delayed and early strategies: in 
one case being too late and in the other being useless. Great attention, furthermore, 
should be payed to patients who would recover renal function with conservative 
treatment alone because these probably have a good chance of a good outcome. 
Finally, serum urea and creatinine are non-sensitive and non-specific biomarkers of 
renal function as they have variable rates of production, are influenced by hemodilu-
tion during critical illness, and do not accurately track kidney function and/or the 
need for RRT support. In this view, more sensitive and specific biomarkers may help 
to better stratify the indications for RRT although their exact relevance in sepsis- 
induced AKI remains unclear.

29.4  Standard and Special Filters: Variable Intensity, High 
Cut-off Membranes and Hemadsorption

The optimal intensity (product of [clearance (Cl) × time]) of RRT in critically ill 
patients with AKI is an open issue. Application of the convection modality of solute 
transport during RRT in patients with sepsis-induced AKI could be of advantage 
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because inflammatory mediators, considered a contributing cause of organ injury 
and immune-dysregulation, can be cleared with the hemofilters. RCTs have investi-
gated this application by testing intensive/higher-volume hemofiltration or hemo-
diafiltration versus less-intensive doses in septic patients. A key study by Ronco 
et al. performed in 425 patients, first showed that a survival benefit was associated 
with effluent rates of 35–45 mL/kg/h compared to 20 mL/kg/h (mortality 43% vs. 
59%, p < 0.01) [21]. Subsequent controlled studies that addressed the dose of RRT 
applied to patients with severe AKI, the RENAL and the VA/NIH Acute Renal 
Failure Trial Network (ATN) studies, failed to replicate this result [22, 23]. 
Subsequent meta-analyses have concluded that higher doses of RRT (CRRT efflu-
ent >30 mL/kg/h, or 6 sessions of IHD per week), provide no survival or renal 
function recovery advantage over standard doses of RRT (CRRT effluent <30 mL/
kg/h or 2–4 IHD sessions per week) [24]. These findings apply equally to patients 
with and without sepsis. Currently, KDIGO guidelines recommend a “standard” 
intensity of 20–25 mL/kg/h when continuous RRT is prescribed. However, a cru-
cial point shown by the Dose Response Multicenter Investigation on Fluid 
Assessment (DoReMIFA) study [25] is that the actual delivered dose of RRT may 
by much lower than the prescribed one. Thus, prescribing a 30–35 mL/kg/h dose 
may be more appropriate when commencing CRRT, especially in sepsis-induced 
AKI in order to compensate for downtime.

In view of the opportunity to clear inflammatory mediators from the bloodstream 
with high flux hemofilters (membranes with ultrafiltration coefficient [KUF] 
>25 mL/h/mmHg/m2) [26], many studies have investigated the potential benefit of 
CRRT prescribed at high doses in septic patients. Although not unequivocally 
defined in the medical literature, high-volume hemofiltration (HVHF) is identified 
as continuous treatment with a convective target dose (prescribed) >35  mL/kg/h 
[27] whereas continuous treatments >45 mL/kg/h are classified as very high-volume 
hemofiltration (VHVHF) [27]. A total of five RCTs on RRT performed with stan-
dard high flux membranes, have been performed in septic patients with AKI.  In 
2009, Payen et al., in a prospective, randomized, open, multicenter study, investi-
gated the effects of early (within 24 h after randomization) application of hemofil-
tration (continuous venovenous hemofiltration [CVVH]), in addition to standard 
management of sepsis, on organ dysfunction and plasma cytokine levels in patients 
with severe sepsis or septic shock [28]. The CVVH technique was performed with 
a heparin-coated polysulfone membrane of 1.2 m2 surface with a cut-off coefficient 
of 30 kDa; blood flow was 150 mL/min and the ultrafiltration rate 2 L/h for all 
patients. Net ultrafiltration was set according to clinical needs. A total of 80 patients 
were enrolled within 24 h of development of the first sepsis-related organ failure 
and after the application of exclusion criteria 76 patients were randomized: 37 in the 
CVVH group and 39  in standard treatment. CVVH lasted at least 96  h and the 
hemofilter was replaced at 12, 24 and 48 h in order to preserve its efficiency. The 
study failed to demonstrate a benefit of early CVVH application and the number and 
severity of organ failures were significantly higher in the CVVH group. Moreover, 
no modifications in plasma cytokine levels were detected. Three years later, Zhang 
et al. published the results of a randomized trial in 280 patients with severe sepsis or 
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septic shock and AKI treated with CVVH in a pre/post dilution ratio of 2/1 when at 
least one of the following criteria was met: oliguria (urine output <100 mL/6 h and 
unresponsive to fluid resuscitation), hyperkalemia >6.5 mmol/L, pH <7.2, serum 
creatinine >250 μmol/L or presence of severe organ edema (e.g., pulmonary edema). 
CRRT was performed with polysulfone filters at a blood flow rate of 250 mL/min. 
The patients were randomized to two different effluent doses for the first three days: 
50  mL/kg/h (HVHF group) or 85  mL/kg/h (extra high-volume hemofiltration 
[EHVHF]) [29]. Depending on clinical needs, anticoagulation was avoided or per-
formed with unfractionated heparin or low molecular weight heparin. A transmem-
brane pressure >250 mmHg was used as trigger for filter replacement. No difference 
in mortality or secondary outcomes was found at 28, 60, and 90 days even in a 
subgroup of patients with septic shock. In 2013, the prospective, randomized, open, 
multicenter clinical “hIgh VOlume in Intensive caRE” (IVOIRE) trial was pub-
lished by Joannes-Boyau and collaborators. The study tested whether HVHF at 
70 mL/kg/h was more efficient in reducing 28-day mortality in patients with septic 
shock and AKI compared to standard volume hemofiltration at 35 mL/kg/h (SVHF) 
for 96 h [30]. Hemofiltration was delivered in the CVVH mode with blood flow rate 
modified in order to maintain a filtration fraction <25% (average 200–320 mL/min). 
The hemofilter was changed every 48  h and anticoagulation was obtained with 
unfractioned heparin. A total of 137 patients were randomized to HVHF (66 
patients) or SVHF (71 patients). Although the HVHF group had higher clearance 
yielding lower serum creatinine and urea, mortality at 28 days was not significantly 
different between treatment groups (HVHF 37.9% vs. SVHF 40.8%). Similarly, 
there were no statistically significant differences in any of the secondary endpoints 
between treatment groups, including 60- and 90-day mortality, duration of mechani-
cal ventilation, duration of RRT, renal recovery, or ICU and hospital lengths of stay. 
It is of concern that hypophosphatemia and antibiotic clearance were markedly 
higher with HVHF. In 2015, Quenot and collaborators treated 29 patients with sep-
tic shock with VHVHF using a dose of 120 mL/kg/h for 48 h in a multicenter, pro-
spective, randomized, open-label trial. The study did not demonstrate any beneficial 
effect of VHVHF in primary (catecholamine free days) or secondary (mechanical 
ventilation-free days, RRT-free days, or mortality at 7, 28 or 90 days) vs. usual care. 
In 2016, the HICORES trial, a prospective RCT, was conducted to investigate the 
effect of high CRRT intensity on inflammatory cytokine removal in addition to its 
influence on clinical outcomes [31]. Differently from the previous studies, RRT was 
performed by combining convection and diffusion mechanisms for solute transport 
as continuous venovenous hemodiafiltration (CVVHDF) with the following operat-
ing characteristics: blood flow rate 150  mL/min; effluent volume 40  mL/kg/h 
(conventional- dose group) or 80 mL/kg/h (high-dose group); replacement and dial-
ysate volumes were set using the 1:1 balanced-predilution method; anticoagulation 
(no anticoagulation, heparin, or nafamostat mesilate) and volume control were man-
aged by a nephrologist. The study showed no differences in 28-day or 90-day mor-
tality in the standard dose group vs. the high dose group, no differences in lengths 
of ICU stay or total hospital stay among survivors, no differences in recovery of 
kidney function at 28 or 90  days after randomization. Cytokine measurements 
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showed no differences in IL-6, IL-8, IL-1β or IL-10 levels at the dialyzer inlet or 
outlet but different levels were found between dialyzer inlet and outlet in the high 
dose group compared to the standard one. In addition, no difference in serum cyto-
kine levels measured at baseline or 24  h after CVVHDF initiation was found 
between standard and high dose groups but serum IL-6 and IL-8 levels after 24 h of 
CVVHDF were significantly decreased compared to baseline in the high-dose 
group.

In 2017, a Cochrane meta-analysis on HVHF for sepsis was published [32]. The 
analysis included RCTs and quasi-randomized trials comparing HVHF or high- 
volume hemodiafiltration versus standard or usual dialysis therapy, as well as RCTs 
and quasi-randomized trials comparing HVHF or high-volume hemodiafiltration ver-
sus no similar dialysis therapy. All the studies involved adults treated in critical care 
units for sepsis-induced AKI. The analysis included four studies and a total of 201 
patients. Investigators reported no adverse effects of HVHF (low-quality evidence) 
but, based on the limited number of studies and participants, no definitive answers 
could be reached and the authors concluded that new large RCTs are necessary to 
investigate HVHF in patients with sepsis. Possible reasons for a lack of benefit with 
HVHF are increased clearance of antimicrobials leading to inadvertent and potentially 
harmful sub-therapeutic levels, increase in electrolyte disturbances (e.g., hypokale-
mia, hypophosphatemia), depletion of micronutrients, and inability to effectively pro-
vide adequate mediators clearance at the cellular level rather than in the circulation. 
Therapeutic drug monitoring is crucial for patient receiving RRT for septic AKI 
because antibiotics are the mainstay of sepsis treatment and substantial changes in 
pharmacokinetic parameters occur in these patients, including increased volume of 
distribution, hypoalbuminemia, the presence of other extracorporeal circuits (e.g., 
extracorporeal membrane oxygenation [ECMO]), unnecessarily high RRT dose pre-
scriptions and changes in renal and non-renal clearance. It recently became clearer 
that in critically ill patients, these aspects may exceed the reduced antibiotic clearance 
secondary to renal dysfunction. In general, careful dose adjustments should be pro-
vided. In addition, excessive fear of antibiotic toxicity (especially nephrotoxicity), and 
limited drug dosing resources may contribute to detrimental suboptimal antibiotic 
therapy whose clinical relevance may have been overlooked.

During recent years, developments in membranes and biomaterials have paral-
leled the evolution of all the CRRT machine components with the development of 
filters specifically dedicated to septic patients with the aim of potentiating the role 
of RRT as an adjuvant therapy. High cut-off (HCO) membranes, also known as 
‘super high flux filters’, have been used for many years in patients with chronic 
kidney disease and more recently they have been proposed for septic patients need-
ing clearance of inflammatory mediators. Clinically, the expression ‘HCO mem-
brane’ describes membranes with a cut-off value that approximates the molecular 
weight of albumin, before exposure to blood or plasma [26]. Moreover, a recent 
classification method characterized HCO membranes with precision based on their 
molecular weight retention onset (MWRO) and molecular weight cut-off (MWCO) 
[33]. According to a study by Boschetti-de-Fierro et al., HCO filters have a MWRO 
and a MWCO of 15–20  kDa and 170–320  kDa, respectively; these values are 
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respectively double and fivefold those of standard filters. Pore radius is increased to 
8–12 nm, which is about double that of standard high flux filters for CRRT, and pore 
size distribution is expanded [33]. Currently available membranes achieve effective 
removal of substances in the range of 20–60 kDa; larger molecules are retained, 
although pores size ranges nominally reach larger values due to secondary layer 
formation and membrane fouling [34].

Excluding case reports, studies on animals, and in vitro/ex vivo studies, only 10 
small clinical studies with variable but promising results on HCO treatment applica-
tion have been published so far and recently summarized in a review article 
(Table 29.1) [34]. Very recently, Atan et al. performed a phase II double-blind ran-
domized study comparing standard CVVH with HCO CVVH in critically ill patients 
with AKI requiring vasopressor support [10]. The primary endpoint was norepi-
nephrine requirements expressed as hours of norepinephrine-free time within the 
first week of treatment. The investigators randomized patients in a 1:1 ratio to 
receive either standard or HCO CVVH within 12  h of a decision to commence 
hemofiltration. Patients requiring hemofiltration and norepinephrine for hemody-
namic support were randomized. The criteria for initiating hemofiltration included 
either oliguria (<100  mL/6  h) unresponsive to fluid resuscitation, hyperkalemia 
(>6.5 mmol/L), pH <7.2, serum urea >25 mmol/L, serum creatinine >300 μmol/L, 
or clinically significant organ edema in the setting of acute renal failure (e.g., pul-
monary edema). Patients were recruited if the clinician anticipated that the patient 
would require hemofiltration for at least 72 h. Patients underwent standard CVVH 
with custom manufactured polyethersulfone standard hemofilters with a nominal 
cut-off point of 30 kDa or CVVH with polyethersulfone HCO filters with a nominal 
cut-off point of 100 kDa (P2SH filters, 1.12 m2; Gambro, Hechingen, Germany) 
depending on the allocation group. Blindness was respected for patients and all the 
investigators (healthcare personnel and researchers) since the two filters were indis-
tinguishable. Operating characteristics of RRT were: blood flow at 200 mL/min, 
ultrafiltration rate at 25  mL/kg/h with bicarbonate-buffered replacement fluids. 
Anticoagulation was chosen at the discretion of the treating clinician. Secondary 
outcomes were the assessment of change in the levels of IL-1, IL-6 and IL-10, the 
percentage change in serum albumin levels, the total amount of albumin adminis-
tered to each patient over the first 7 days, the filter life, the maximum rate of vaso-
pressor infusion per day, and the duration of hemofiltration. Seventy-six patients 
were randomized, with 38 patients assigned to each group. Septic shock was the 
reason for vasopressor administration in 20 (55.6%) and 21 (55.3%) of the HCO 
and standard CVVH groups, respectively. A total of 226 filters were used for the 
HCO group with a median filter life of 9 h (4–17 h) versus 269 filters for the stan-
dard group with a median filter life of 10 h (5.5–19.8 h) (p = 0.21). Due to contrain-
dications, no anticoagulation was used for 119 (52.7%) HCO filters and 118 (43.9%) 
standard filters. Unfractionated heparin was applied for 46.6% of the HCO filters 
and 28.3% of the standard filters. Regional citrate was applied for 3.8% of HCO 
filters and 7.5 of the standard filters. Median cumulative norepinephrine-free time 
over 7 days was 32 h (0–110.8 h) for HCO and 56 h (0–109.3 h) for standard CVVH 
after randomization (p = 0.520) and the maximum norepinephrine rates of infusion 
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per day (μg/min) were similar for both groups (p = 0.75). Changes in serum albumin 
levels within the first 7 days were not significantly different between the two groups 
(p = 0.192) with a median dose of intravenous albumin given over the first 7 days of 
90 g (20–212 g) for HCO and 80 g (15–132 g) for standard CVVH (p = 0.252). 
There was no difference in time to permanent cessation of norepinephrine (p = 0.358) 
and time to permanent cessation of hemofiltration (p = 0.563) within the full 14-day 
treatment period. Interestingly, at 20 days about 70% patients in the standard vs. 
50% in the HCO CVVH survived (p = 0.052). Changes in cytokine levels gave the 
following results [35]: by 72 h of treatment, IL-6 had decreased during both treat-
ments (p = 0.009 and p = 0.005 respectively); IL-10 had decreased with standard 
CVVH (p = 0.03) but not with HCO CVVH (p = 0.135). There were no changes in 
levels of the other cytokines over time. There were no significant between-group 
differences in plasma levels for each cytokine over the 72 h treatment period. For all 
cytokines combined, however, the median sieving coefficient was higher for HCO 
CVVH (0.31 vs. 0.16; p = 0.042) as was the mass removal rate by ultrafiltration 
(p = 0.027). Although overall combined cytokine levels had fallen to 62.2% of base-
line at 72 h for HCO CVVH (p < 0.0001) and to 75.9% of baseline with standard 
CVVH (p = 0.008) there were no significant between-group differences. This study 
unfortunately is a further confirmation that either our understanding of sepsis-
induced AKI and sepsis pathogenesis in general is inadequate or the means so far 
utilized in order to control it are not efficient.

The technique known as coupled plasma filtration adsorption (CPFA) seems to 
be in the same category. During CPFA, plasma, separated from blood by a plasma- 
filter, is run through a synthetic resin cartridge (with adsorption capacity for inflam-
matory mediators) and then returned to the blood circuit where a hemofilter removes 
excess fluid and allows renal replacement [36]. CPFA is a sorbent technology based 
on RRT for removal of endotoxin, bacterial products and both pro- and anti- 
inflammatory endogenous substances in septic patients with AKI. A multicenter, 
randomized trial, the COMPACT (COMbining Plasma-filtration and Adsorption 
Clinical Trial) study, compared CPFA with standard care in the treatment of criti-
cally ill patients with septic shock [37]. No statistically significant differences were 
found in hospital mortality or in secondary endpoints (occurrence of new organ 
failure) or ICU-free days during the first 30 days. Because it was suggested that 
technical difficulties occurring during the treatments (early clotting) may have 
biased the results, a new trial, the COMPACT-2 study, including only patients 
achieving the prescribed CPFA treatment was planned (ClinicalTrials.gov Identifier: 
NCT01639664). The trial was prematurely terminated because of higher early mor-
tality rates (within 72  h of randomization) in septic shock patients treated with 
CPFA compared to patients receiving standard therapy. After this ad interim analy-
sis, the company delivered an urgent field safety notice reporting the results [38].

In recent years, other new membranes have been conceived with the specific aim 
of providing renal support combined with the attempt to treat sepsis-induced 
AKI. These membranes combine the enhanced clearance of middle to high molecu-
lar weight solutes of super high flux membranes with a particularly elevated adsorp-
tive capacity. Adsorption implies the retention of some negatively charged molecules 
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(inflammatory mediators, cytokines and proteins) within the membrane fibers after 
interaction with variable polarity ionic charges. The AN69 surface-treated (AN69ST) 
hemofilter is a derivative of the AN69, originally developed in 1969 as the world’s 
first synthetic polymeric membrane, prepared by surface treatment of polyethyle-
neimine. The AN69ST membrane has excellent anti-thrombogenicity and its sur-
face can be coated with heparin by priming with saline-containing heparin, further 
increasing its anti-thrombogenicity. AN69/AN69ST membranes have a hydrogel 
structure and are therefore highly hydrophilic. Research on the cytokine-adsorbing 
capacity of the AN69ST membrane is still limited. Yumoto et al. compared four dif-
ferent membrane hemofilters (AN69ST, polymethylmethacrylate [PMMA], HCO 
polyarylethersulfone [PAES] and polysulfone) for their capacity to remove HMBG1 
proteins in vitro. The AN69ST had the highest efficiency for HMBG1 removal, fol-
lowed by the PMMA membrane. The PAES and polysulfone membranes removed 
little HMGB-1 [39].

The oXiris® is a recently manufactured hemofilter using an AN69 membrane 
with polyethyleneimine surface coating and immobilized heparin. Compared with 
the AN69ST membrane, the oXiris® has three times more polyethyleneimine sur-
face coating (in the second layer) and 10 times more pre-immobilized heparin (in 
the third layer). Therefore, oXiris® has excellent anti-thrombogenicity and is capa-
ble of adsorbing endotoxin to cationic polyethyleneimine in the second layer [40]. 
The deeper layer of the membrane remains negatively charged and thereby retains 
its ability to adsorb cytokines. The oXiris® membrane may therefore be able to 
adsorb both cytokines and endotoxin. Clinical application in large studies is still 
lacking. Whether cytokine/endotoxin-adsorbing hemofilters will be recognized as 
an effective adjunctive treatment of sepsis, septic shock and sepsis-induced AKI in 
the near future is unknown and dedicated RCTs are warranted.

29.5  Additional Aspects Related to RRT in Sepsis-induced 
AKI: Anticoagulation Strategies and Fluid Balance

Anticoagulation is required during CRRT to maintain circuit patency. Heparin has 
historically been the standard choice for anticoagulation but its use implies balancing 
the risk of bleeding complications with those of circuit clotting due to sub-therapeu-
tic doses. Worldwide, unfractioned heparin is still widely used because of its low cost 
and relative ease of use (especially considering the availability of an antidote, prot-
amine). In sepsis-induced AKI, the low levels of antithrombin and the putative 
inflammatory effects of heparin may lead to premature clotting of the circuit and 
intravenous administration of antithrombin is recommended to maintain levels higher 
than 60–70% [3]. Regional citrate anticoagulation (RCA) is recommended by 
KDIGO guidelines as a first approach to anticoagulation for CRRT [3] because it 
provides excellent anticoagulation within the circuit without increasing the risk of 
bleeding. Given these recommendations, and the development of safe, dedicated pro-
tocols, RCA is increasingly adopted in many centers, including smaller and non-
academic hospitals with less experience of CRRT. Several studies have demonstrated 
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the advantage of RCA compared to heparin in reducing bleeding and increasing cir-
cuit lifespan without clotting episodes [41]. Moreover, citrate may exert anti-inflam-
matory effects by reducing formation of platelet-leukocyte complexes and 
polymorphonuclear cell degranulation together with the induction of decreased lev-
els of markers of oxidative stress and IL-1β [11]. Finally, RCA may be used in 
patients with heparin-induced thrombocytopenia. Careful application of RCA is 
required in patients with significant hemodynamic instability and/or systemic hypo-
perfusion due to the risk of citrate accumulation and reduced metabolism.

Retrospective and prospective studies have clearly shown that patients with AKI 
have higher mortality if they have a positive fluid balance. The DoReMIFA study 
[25] included a total of 991 patients (23.35% with sepsis on admission) and showed 
that hospital mortality increased by 1.075 (95% confidence interval 1.055–1.095) 
with every 1% increase in maximum fluid overload (peak value of fluid overload 
observed during the entire ICU stay). The observed phenomenon was a continuum 
and independent of thresholds. Moreover, the study showed that the speed of fluid 
accumulation was independently associated with ICU mortality. The evident rela-
tionship between fluid accumulation and mortality clearly suggests that net ultrafil-
tration (net fluid removal with the CRRT machine) and total fluid administration 
should be carefully monitored to avoid or limit a positive fluid balance whenever 
clinically possible. As confirmation of this, a post hoc analysis of the RENAL trial, 
initially conceived for the evaluation of different RRT intensities, clearly showed 
that the rapid (by the first 2–3 days of treatment) achievement of a negative fluid 
balance in critically ill patients with severe AKI was independently associated with 
improved survival [42].

29.6  Conclusion

Sepsis is a burdening epidemic condition syndrome associated with multiple organ 
failure, morbidity and mortality. Many patients with sepsis eventually develop AKI 
and most of them require RRT. Although the application of new RRT biotechnologies 
has opened new potential therapeutic strategies, these modified modalities and materi-
als have yet to show cost-effectiveness and benefit in terms of mortality. Clinicians 
need to integrate the understanding of sepsis pathophysiology with the current evi-
denced-based strategies for multimodal treatments. Before prescribing any form of 
extracorporeal renal support, all efforts to prevent renal function deterioration must be 
attempted. Once RRT is indicated to prevent further renal and distal organ injury, the 
decision to start early should include the careful evaluation of hemodynamic status 
and the actual impossibility to further delay the treatment. Although convection is 
more efficient than diffusion in clearing middle molecules, there is insufficient evi-
dence to recommend one technique over another in sepsis- induced AKI. Applications 
at doses over those suggested by the guidelines and use of special dedicated mem-
branes for inflammatory mediator clearance have not produced any clinical benefit 
and remain in the research domain. Total fluid balance should always be carefully 
monitored since fluid overload is clearly associated with worse outcomes.
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30Acid-Base Disorders and Regional 
Citrate Anticoagulation with Continuous 
Renal Replacement Therapy

C. Ichai, H. Quintard, and L. Velly

30.1  Introduction

Citrate delivery with continuous renal replacement therapy (CRRT) enables  provision 
of real regional anticoagulation. Several meta-analyses have strongly confirmed that 
regional citrate anticoagulation (RCA) is more efficient (longer circuit lifespan) and 
safer (lower bleeding risk) than heparin [1–3]. Besides these beneficial effects, three 
recent high-quality randomized controlled trials (RCTs) have demonstrated that met-
abolic complications are now uncommon, transient and easily preventable when 
RCA is implemented using a formalized strategy [4–6]. Therefore, RCA is now rec-
ommended as the first choice for anticoagulation during CRRT [7, 8].

In this chapter, we summarize current knowledge on the interaction between 
CRRT and citrate metabolism and its consequences in terms of acid-base adverse 
effects. The final paragraph provides some practical management approaches aimed 
at preventing and treating these effects appropriately at the bedside.
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30.2  Citrate in CRRT: General Considerations

Understanding the pharmacokinetics of citrate is essential to comprehend the devel-
opment of acid-base disorders related to RCA during CRRT. Most commercialized 
citrate solutions exclusively contain trisodium citrate to provide a prolonged effect. 
Under physiological conditions, trisodium citrate is converted into citric acid within 
30 min. This latter enters the tricarboxylic acid cycle and is finally metabolized into 
CO2, H2O and ATP through the mitochondrial oxidative phosphorylation pathway 
[9–11]. This reaction is mainly performed by the liver and to a lesser extent by 
skeletal muscle and the renal cortex. Citrate metabolism is characterized by a short 
systemic half-life of 5 min. This saturable reaction can be impaired and reduced in 
case of liver failure and in all conditions associated with an altered Kreb’s cycle or 
mitochondrial oxidation caused by hypoxia or toxics. The major role of the liver in 
citrate metabolism has been confirmed by Kramer et al. [10]. These authors reported 
a substantial altered citrate metabolism, which was characterized by a 50% reduc-
tion in total body clearance in patients with compared to those without cirrhosis.

Trisodium citrate acts by chelating calcium, which is a major element of the 
coagulation cascade. Briefly, 2 trisodium molecules react with 3 molecules of cal-
cium to produce a citrate-calcium (Cit-Ca++) complex while releasing 6 molecules 
of sodium (Fig. 30.1). With usual doses of RRT, approximately 60% of these com-
plexes are removed through the filter regardless of the convective or diffuse modal-
ity. However, because of its close relationship with the effluent rate (ultrafiltration/
dialysate), this amount can vary. The remaining Ca++ released from the non-removed 
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Cit-Ca++ induces a partial systemic ionized calcium (iCa++) return in the total cal-
cium blood pool. Therefore, blood calcium supplementation is needed to compen-
sate for losses through the filter [9, 11, 12].

30.3  Acid-base Disorders and RCA

The Stewart approach is now accepted as the more comprehensive concept to pre-
cisely identify and quantify complex acid-base disorders [13–16]. Briefly, the 
Stewart concept assumes that the pH depends on three independent variables: 
PaCO2, strong ion difference (SID) and weak anions (albuminate, phosphate) [17]. 
Any modification of one of these parameters causes pH variations. Accordingly, 
hypercapnia causes respiratory acidosis (and conversely). Metabolic abnormalities 
are the consequences of changes in SID or weak acids. In these situations, the abso-
lute rule of electroneutrality, i.e., the equilibrium between positive (cations) and 
negative (anions) charges, lead to acidosis or alkalosis. As a consequence, any 
reduction in SID is responsible for a metabolic acidosis by decreasing bicarbonate 
concentration. An increase in any strong anion (hyperlactatemia, hyperketonemia) 
or decrease in strong cation (hyponatremia) induces a reduction in SID and, in turn, 
a metabolic acidosis (and conversely). Finally, changes in weak acid concentration 
represent the second cause of metabolic acid-base disturbances. Physiological weak 
acids are albuminate− and phosphate− while citrate− is an exogenous weak metabo-
lizable anion. Elevation in weak acids is responsible for metabolic acidosis (hyper-
phosphatemia or hyperalbuminemia). In the absence of acid base disorders, the 
normal value of PaCO2 is 40 mmHg, of SID is 39 meq/L (Fig. 30.2). Trisodium 
citrate can cause complex and various acid base disorders, depending on citrate load 
and a patient’s capacity to metabolize it.

During RCA, metabolic acidosis may be the consequence of two different mech-
anisms which must be identified to deliver the appropriate treatment. First, meta-
bolic acidosis caused by citrate accumulation occurs when citrate metabolism is 
impaired leading to hypercitratemia. As previously mentioned, the increase in the 
negatively charged citrate− leads to a decrease in bicarbonate concentration (the 
main plasma buffer) to maintain electroneutrality and creates metabolic acidosis. In 
this situation, the SID is normal and the cause of the problem is hypercitratemia 
(Figs.  30.3a and 30.4a). However, other anions, especially strong metabolizable 
anions (lactate) can participate partly to the development of metabolic acidosis. The 
presence of such anions is identified by a reduction in the SID and an increase in the 
strong ion gap (difference between the apparent and the effective SID), which indi-
cates the presence of excessive strong metabolizable anion (Figs. 30.3b and 30.4b). 
Hyperlactatemia is frequently associated with hypercitratemia [18]. Finally, meta-
bolic alkalosis related to hypoalbuminemia can counteract or minimize the acidify-
ing effect of hypercitratemia or hyperlactatemia, and lead to an incorrect 
interpretation in case of normal pH.

Because the level of citratemia is not routinely available in clinical practice, 
citrate accumulation must be suspected and recognized from indirect warning 
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signs. The most popular of these is the increased total to ionized calcium ratio 
(Catot/iCa++) above 2.5: Catot increases due to the accumulation of Cit-Ca++ com-
plexes while iCa++ remains low and protein-bound calcium unchanged (Fig. 30.5) 
[19]. The Catot/iCa++ ratio is closely correlated with citrate plasma level and a cut-
off >2.5  mmol/L appears accurate to predict citrate accumulation [18–20]. 
Persistent ionized hypocalcemia, despite a progressive increase in calcium sup-
plementation, seems to be the most sensitive and earliest sign of citrate accumula-
tion. A trend towards abnormal values is probably a good and early marker of 
citrate accumulation rather than an absolute cut-off. Finally, hyperlactatemia is an 
interesting surrogate marker of altered citrate metabolism due to an impaired 
Krebs’ cycle [18, 21, 22].

Second, metabolic acidosis caused by insufficient trisodium citrate delivery 
occurs when the amount of citrate is low (low blood flow) with respect to the amount 
of Cit-Ca++ removed (high ultrafiltration or dialysate flow). With such a setup, the 
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low citrate delivery associated with high citrate removal does not enable a sufficient 
alkalinizing effect of citrate metabolism. Contrary to what happens with citrate 
accumulation, metabolic acidosis is associated with normal citrate metabolism.

Metabolic alkalosis caused by trisodium citrate overload occurs when the amount 
of trisodium citrate delivery is excessive or its filter clearance is insufficient while 
the Cit-Ca++ complexes are normally metabolized. According to the Stewart con-
cept, when citrate is metabolized, the non-metabolizable cation, sodium, is simulta-
neously released and persists in the plasma. To maintain electroneutrality, 
bicarbonate increases and in turn, the SID too, leading to metabolic alkalosis 
(Figs. 30.3c and 30.4c) [13, 17]. However, because citrate produces H2O and CO2, 
the final alkalinizing effect of trisodium citrate depend on the patient’s capacity to 
excrete CO2. If there is altered CO2 elimination, the metabolic alkalosis can be 
replaced by respiratory acidosis (hypercapnia).

In summary, RCA can be responsible for complex acid-base disorders. Citrate, 
which is a weak acid, is the cause of metabolic acidosis essentially due to an impair-
ment in its metabolism, with citrate accumulation. The non-metabolizable cation, 
sodium, which is released when trisodium citrate is metabolized, is responsible for 
the development of metabolic alkalosis. This latter disorder indicates citrate 
overload.
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30.4  Practical Management of Acid-base Disorders Related 
to RCA

The reported incidence of RCA-related acid-base disorders varies in the literature 
[21, 23–29]. Multiple reasons likely contribute to this large variability, including the 
technique, the types of patients, the absence of appropriate setup and monitoring 
and above all the absence of formalized protocols, expertise and training of the team 
for this modality of anticoagulation [12, 30, 31]. The incidence of the syndrome of 
citrate accumulation with metabolic acidosis is now rare (approximately 5% of 
patients). A higher incidence was reported in patients with acute liver failure reach-
ing up to 12% [5, 19, 23, 25, 27]. More recently, studies performed in patients with 
liver failure failed to demonstrate a greater risk of citrate accumulation provided a 
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formal protocol was used with close monitoring by an expert trained team [21, 28]. 
However, it is difficult to really predict this risk as usual laboratory tests (bilirubine-
mia, transaminase levels) poorly reflect liver dysfunction. Hyperlactatemia 
>3.4 mmol/L (and lactate kinetics) and a low prothrombin time (≤25%) seem to be 
the most accurate indicators of citrate accumulation in patients with severe liver 
dysfunction [21]. In these situations, patients also present with hyperlactatemic 
metabolic acidosis before starting citrate delivery due to severe hemodynamic insta-
bility. Although rare, citrate accumulation develops within the first 24 h and resolves 
rapidly with the appropriate treatment.

Metabolic alkalosis is the most common metabolic disorder caused by RCA dur-
ing CRRT. Its incidence can reach up to 50% of patients [23, 28, 29]. Usually, meta-
bolic alkalosis remains moderate without severe clinical consequences. It develops 
later than metabolic acidosis, within 48–72 h. Schultheiß et al. [21] found that meta-
bolic acidosis was already present at baseline in 65% of patients with liver failure 
receiving RCA; normalization of bicarbonate was obtained after 24 h in 60% of 
cases but, after 72 h, metabolic alkalosis developed in 53% of patients.
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30.4.1  Prevention of Acid-base Disorders Related to RCA

Three large RCTs have reported no differences in metabolic derangements, espe-
cially for acid-base adverse effects between RCA and heparin anticoagulation dur-
ing CRRT. Regardless of the precise modality, these disorders were uncommon, 
transient and resolved early in experienced centers [4–6]. Two major recent meta- 
analyses confirmed that the incidence of metabolic alkalosis was comparable 
between RCA and heparin [1, 3], while another reported an increased risk [2]. 
Indeed, it is not the acid-base disorders by themselves, but rather the resulting ion-
ized hypocalcemia, which is more frequently observed with RCA, that may cause 
severe clinical complications. Nevertheless, these data must be interpreted with cau-
tion as patients at risk were not included.

The prevention of RCA-related complications is based on the implementation of 
a proper technique including the choice of the most appropriate modality (dedicated 
machines and fluids), and education and training of the healthcare professionals 
involved in this management [30–32]. It is necessary to create an in-home formal 
protocol that includes as a minimum the optimal setup of the devices, patient and 
machine monitoring (especially the alarms) and regular evaluation of the quality of 
the management. In these conditions, RCA can be performed with all continuous 
diffuse and convective modalities with comparable efficiency and safety [9, 12, 31]. 
RCA requires a device equipped with a blood flow coupled to citrate delivery to 
maintain a stable citrate concentration. However, such a control loop forces reduced 
blood flows compared with heparin, to prevent excessive citrate delivery. Citrate 
solution is delivered in the arterial line. A citratemia target between 3 and 4 mmol/L 
provides effective anticoagulation with a minimal risk of bleeding. This objective is 
obtained by measuring the postfilter iCa++ with a value of 0.25–0.35 mmol/L. Such 
close monitoring is essential to prevent unplanned blocks of the circuit caused by 
clotting and risks of bleeding [33, 34]. However, the accuracy of this measurement 
is poor with large over- and underestimations according to the machine [35, 36]. 
Accordingly, it is strongly suggested that the targeted value of postfilter iCa++ should 
be adjusted and personalized using the bedside blood gas analyzer. Losses of 
Cit-Ca++ through the filter require calcium supplementation to be provided. Calcium 
infusion is performed after the filter on the ‘venous’ line as close as possible to the 
patient to avoid recalcification of the circuit. The target is to achieve physiological 
values of 1.1–1.3 mmol/L. Ionized hypocalcemia represents the most serious meta-
bolic complication of RCA, affecting 12–18% of patients [37, 38]. Fortunately, the 
incidence of severe hypocalcemia associated with shock or profound hypotensive 
episodes remains low (2.5%). To prevent such a complication, it is recommended to 
favor devices with a feedback control between the citrate and the calcium supple-
mentation pumps, to always normalize the patient’s iCa++ before starting RCA and 
to monitor it closely during the therapy. Only specifically formulated dialysate and 
substitution solutions are available and must be calcium-free, with low 
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concentrations of sodium and bicarbonate and high concentrations of chloride. This 
is essential to counteract the development of metabolic alkalosis and hypernatremia 
caused by the trisodium citrate solution. For similar reasons, it is preferable to favor 
calcium chloride rather than calcium gluconate. Exclusive convective modalities 
(continuous venovenous hemofiltration [CVVH]) are performed with low- 
concentration solutions (18 mmol/L of citrate) which lead to high predilution and 
may reduce the capacity of clearance. Therefore, ultrafiltration must be used exclu-
sively in postdilution with a sufficient rate (20–25 mL/kg/h). Blood flow in CVVH 
must not exceed 150–160  mL/min. The disadvantage of this strategy is that the 
anticoagulation effect is coupled with the predilution volume, which partially deter-
mines the clearance. High trisodium citrate solution (140 mmoL/L) is required with 
the diffusive modality (continuous venovenous hemodialysis [CVVHD]) to reach 
the targeted concentration of citrate in the circuit while maintaining low blood flow 
to prevent citrate overdose. Blood flow must be less than with CVVH at between 80 
and 120 mL/min and dialysate rate between 1500 and 2000 mL/h. Thanks to the 
dialysate solution, it is easily possible to modulate blood bicarbonate concentration 
and to compensate metabolic acid base disorders. Consequently, RCA with CVVHD 
cannot be performed in patients requiring high blood flows. As recommended with 
heparin, it is mandatory to correctly interpret the pressure alarms and to check and 
manage them appropriately.

RCA requires closer biological monitoring than when using heparin. Ionized 
hypocalcemia is the most serious complication that can worsen patient outcomes. 
To prevent it, it is crucial to measure baseline iCa++ and any initiation of RCA is 
strictly prohibited before normalizing this value. Approximately 15–30 min from 
the start of RCA, iCa++ must be checked, then hourly within the first 3 h and every 
6 h in stable situations. Any new adjustment requires a new control measurement 
approximately 30 min later. The calculation of Catot/iCa++ ratio is usually performed 
daily, but close monitoring (3 times per day) is necessary in conditions at risk of 
citrate accumulation. Baseline arterial blood gas and electrolyte (sodium, chloride, 
potassium, magnesium and phosphate) measurements are needed followed by 
repeated measurements every 6–8 h in stable situations. Hyperlactatemia and lack 
of normalization of lactate levels may be a good early indicator of citrate accumula-
tion and must be checked regularly in patients at risk [18, 21]. An example of a 
protocol indicating how to approach biological monitoring in patients receiving 
RCA is summarized in Box 30.1.

In summary, all convective and diffusive modalities (CVVH, CVVHDF, 
CVVHD) are comparable in terms of efficiency and safety enabling control of 
citrate losses via the total effluent rate (ultrafiltration and/or dialysate rate). Despite 
substantial improvements in simplicity, ergonomy and automation of devices, the 
appropriate setting, close monitoring, and expertise of the healthcare team are 
needed to elaborate a formalized protocol and prevent RCA-related adverse effects, 
especially acid-base derangements.
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30.4.2  Treatment of Acid-base Disorders Related to RCA

30.4.2.1  Metabolic Acidosis Related to Citrate Accumulation
Citrate by itself is not toxic or dangerous except in cases of very high accumulation, 
which may result in vasodilation. The real clinical risk is the development of sub-
stantial hypotension or shock caused by the resulting persistent severe systemic 
ionized hypocalcemia. The two most frequent causes of citrate accumulation are a 
violation of protocol or use in patients at risk [11, 24]. However, liver failure, shock 
and some intoxications (metformin, cyclosporine, paracetamol) are not absolute 
contraindications for RCA during CRRT provided closer than usual monitoring is 
performed by an experienced team. In this condition, the risk of citrate accumula-
tion is negligible, easily suspected and rapidly treated [11, 21, 28, 39]. The sole real 
treatment for citrate accumulation, especially with severe ionized hypocalcemia and 
metabolic acidosis, is to stop citrate delivery while increasing Cit-Ca++ complex 
clearance with a sufficient effluent rate (dialysate or ultrafiltration rate) and normal-
izing the systemic iCa++ value. The removal of citrate will lead to an ‘endogenous’ 
alkalization and a progressive restoration of a normal pH. If citrate accumulation 
and metabolic acidosis are slight and caused by an incorrect circuit setup, an adjust-
ment consisting of a reduction in blood flow (to decrease citrate delivery) associated 
with an increase in the effluent rate (to elevate citrate losses) can be cautiously 
proposed aimed at a rapid normalization of metabolic disorders (Box 30.2).

Box 30.1: An Example of Patient and Filter Biological Monitoring During 
Regional Citrate Anticoagulation

The patient (arterial samples) The circuit (postfilter samples)
Measure systemic iCa++ to adjust calcium 
supplementation

Measure postfilter iCa++ to adjust 
citrate concentration

• Baseline before starting
• 15–30 min after initiation and 30 min after 
any adjustment
• Every hour within the first 3 h
• Every 6 h if iCa++ is stable

• 15 min after starting
• The 1 h after initiation
• 30–60 min after any adjustment
• Every 6–8 h if postfilter iCa++ is 
stable and in the target range

Measure total systemic calcium to calculate the 
total calcium/iCa++ ratio
• Daily if stable
• Every 6–8 h in patients at risk of citrate 
accumulation (medical prescription)
Arterial blood samples
• Blood gas (pH, bicarbonates, PaCO2), Na, 
Cl, K, magnesium, and phosphate daily
Additional and more frequent measurements on 
medical prescription
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30.4.2.2  Metabolic Alkalosis Caused by Trisodium Citrate Overload
This disorder can be easily resolved by reducing the blood flow and in turn the 
excessive citrate delivery and by increasing the effluent rate too (Box 30.2).

30.4.2.3  Metabolic Acidosis Caused by Insufficient Trisodium 
Citrate Delivery

This disorder is caused by an inappropriate circuit setup due to low citrate delivery with 
low blood flow associated with too high citrate removal, especially with CVVHD. The 
treatment consists of increasing blood flow and decreasing the dialysate rate.

30.5  Conclusion

RCA is now the preferred anticoagulation modality performed during CRRT. Despite 
considerable effort to improve safety, ergonomy and simplicity of devices, RCA 
remains a clinical challenge for healthcare professionals in critically ill patients. 
Major complications consist of metabolic acidosis caused by citrate accumulation 
and metabolic alkalosis caused by citrate overload. Citrate accumulation is usually 
rare and potentially severe in case of simultaneous severe ionized hypocalcemia. 

Box 30.2: An Example of a Formalized Protocol to Prevent and Treat Metabolic 
Complications

Metabolic 
abnormality

Associated 
abnormalities

Corrective measures (associated with medical 
help & prescription)

Ionized hypocalcemia
• Before initiation • Hypotension •  Infuse 1 amp i.v. of CaCl2 in central vein (or 

2 amp i.v. of Ca gluconate in peripheral 
vein) to normalize Ca++

•  During 
maintenance

• Hypotension

–  Line 
disconnection

•  Check the calcium infusion line

–  Citrate 
accumulation

•  Metabolic 
acidosis

•  Suggested if hypoCa++ persists despite 
increasing supplementation (>130%)

•  Confirm it by a Ca total/Ca++ ratio >2.5
•  Stop citrate & continue CVVH/CVVHD 

while increasing ultrafiltration/dialysate rate
Unexplained 
hypotension

•  Metabolic 
alkalosis

•  Infuse 1 amp i.v. of CaCl2 in central vein (or 
2 amp i.v. of Ca gluconate in peripheral vein)

Postfilter ionized 
hypocalcemia

• Reduce the citrate dose

CVVH continuous venovenous hemofiltration; CVVHD continuous venovenous hemodialysis; 
i.v. intravenous
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Metabolic alkalosis related to citrate overload is frequent but transient and easily 
resolved. Such disturbances are essentially due to protocol violation or use in 
patients at risk with inadequate monitoring. To prevent complications, formal pro-
tocols should be used that include all specificities in term of setup of devices, appro-
priate fluids, patient and circuit monitoring and an expert team should be created by 
continuous education and training.
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31Acute Kidney Injury and Delirium: 
Kidney–Brain Crosstalk

R. Y. Y. Wan and M. Ostermann

31.1  Introduction

Delirium is widely recognized as a form of fluctuating dysfunction of the brain and 
occurs in up to 70% of the critically ill [1]. It is associated with increased morbidity, 
longer hospital stay, cognitive decline with associated loss of quality of life, and 
death [1–4]. Recognition of delirium remains a challenge. Completion of delirium 
screening involves first using a validated sedation scale to assess eligibility for cog-
nitive assessment, followed by a validated delirium screening tool. This may not be 
possible to complete if patients are in a coma, unable to understand the language or 
have established cognitive dysfunction (e.g., dementia, mental disorders) [5, 7]. 
Furthermore, delirium assessments will only reflect the cognitive state of the patient 
at the time of the assessment, making it difficult to capture this fluctuating cognitive 
disorder. As a result, the prevalence of delirium is likely to be underestimated. 
Furthermore, with no proven effective pharmacological therapy, delirium in the 
critically ill continues to pose a healthcare burden and a management conundrum 
for clinicians [8–10].

The mechanisms leading to critical care delirium remain poorly understood. The 
pathophysiology is likely multifactorial given the diversity of etiologic mechanisms 
associated with encephalopathy in the context of liver disease, sepsis, drug interac-
tions, metabolic derangements and alcohol withdrawal [11]. Its acute onset presen-
tation is likely to be the failure of the brain’s resilience to withstand a response to 
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noxious insults during critical illness, coupled with a series of punctuated declines 
and major medical insults which can lead to lasting cognitive dysfunction [12]. The 
impact on healthcare resources is substantial [4].

Despite the development of delirium prediction tools, the prevention and early 
identification of patients at risk remains a challenge [13, 14]. To date, only multi- 
component non-pharmacologic approaches have proven to be effective in delirium 
prevention [9, 15, 16]. Delirium has a substantial impact on patients, their relatives, 
healthcare providers and resources [4], and remains one of the top three research 
areas in importance to patients, carers and health professionals as identified by the 
James Lind Alliance Priority Setting Partnerships for intensive care research.

31.2  Diagnosing Delirium in the Critically Ill

Delirium presents as three major subtypes: hyperactive (agitated), hypoactive 
(quiet) and mixed (features of both hyperactive and hypoactive), with hypoactive 
and mixed the most common presentations in critically ill patients over 65 years old 
[17]. There are several validated screening tools for delirium in adult patients, [5, 6, 
18]. The two most well-known, widely used tools, endorsed by the Society of 
Critical Care Medicine (SCCM) Pain Agitation and Delirium (PAD) guideline, are 
the Confusion Assessment Method for the ICU (CAM-ICU) and the Intensive Care 
Delirium Screening Checklist (ICDSC) [19, 20]. The ICDSC has some advantages 
over CAM-ICU as it is scored cumulatively over an entire 24-h period of nursing 
observation whereas three of the four CAM-ICU features are based on performance 
at a single time point. The ICDSC gives a score that potentially identifies sub- 
syndromal delirium in patients but, conversely, also increases the likelihood of 
false-positive assessments. The advantage of CAM-ICU includes being more exten-
sively validated against American Psychiatric Association’s Diagnostic and 
Statistical Manual of Mental Disorders (DSM) reference raters in 12 studies across 
both critically ill and non-critically ill patients than the ICDSC [21, 22]. 
Implementation of the ICDSC into clinical practice depends heavily on the training 
and experience of each member of the nursing staff [23] whereas the CAM-ICU tool 
is simpler and can be easily used by all healthcare professionals caring for the 
patient.

31.3  Risk Factors for Intensive Care Delirium

Over 100 risk factors have been investigated for potential association with inten-
sive care delirium. However, studies are heterogeneous in design, methods used to 
detect delirium and patient populations [24]. Despite the heterogeneity, there are 
risk factors relevant to the critically ill patient that can be broadly categorized as 
predisposing vulnerability factors and hospital-related precipitating factors [25–28] 
(Box 31.1).
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Box 31.1: Common Risk Factors for Delirium During Critical Illness

Predisposing vulnerability factors Precipitating hospital-related factors
Age Severity of illness
Dementia
predisposing cognitive impairment

Benzodiazepines (especially lorazepam and 
midazolam)

Alcohol use disorder Mechanical ventilation (and need for sedation)
Charlson Comorbidity Index Metabolic disturbances

Sepsis
Sleep alterations

31.4  Acute Brain Dysfunction during Critical Illness

Acute brain dysfunction in critical illness includes both delirium and coma, and 
the leading concepts involve inflammatory and immune-related processes associ-
ated with critical illness, disturbances of the neuro-endocrine system and altera-
tions in pharmacokinetics and pharmacodynamics of drugs leading to alterations 
in neurotransmitter synthesis, function and/or availability. In animal models of 
acute sepsis, activation of the immune system led to the rapid release of one or 
more of the following cytokines, interleukin (IL)-1β, Toll-like receptor (TLR)4, 
tumor necrosis factor (TNF)-α and IL-6 [29]. This was thought to be associated 
with post-septic behavioral impairment. Interestingly, it has also been shown in 
mice that cognitive dysfunction occurred after critical illness had peaked [30]. 
The acetylcholinergic neurotransmitter system appears to play an important role 
in the control of brain inflammation. These changes in neurotransmitters includ-
ing deficiencies in acetylcholine and/or melatonin availability, excess in dopa-
mine, norepinephrine, and/or glutamate release, and variable alterations in 
serotonin, histamine, and/or γ-aminobutyric acid are thought to drive acute brain 
dysfunction during critical illness and prolonged delirium with dementia on fol-
low-up [31, 32].

31.5  Acute Brain Dysfunction in Renal Disease

Chronic kidney disease (CKD) has long been linked to cognitive decline, and at a 
faster exponential rate compared to age-related cognitive decline [33]. The exact 
pathophysiological mechanisms leading to cognitive decline are not fully under-
stood, but it is thought that associated complications, such as cardiovascular dis-
ease, exposure to uremia-induced oxidative stress, and electrolyte and fluid 
disturbances, play a role [33]. Interestingly, cognitive decline seen in CKD has been 
shown to be reversible following renal transplantation with reported sustained cog-
nitive improvement [34, 35].
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Unsurprisingly, acute kidney injury (AKI) has also been reported to be associated 
with delirium during critical illness [25, 36]. The sharp decline in renal function seen 
in AKI, typically within 48 h, is common among the critically ill, affecting up to 60% 
of patients [37, 38]. It is plausible that similar pathophysiological mechanisms exist for 
the development of delirium as with those seen with CKD-associated cognitive decline.

AKI is a syndrome with multiple potential etiologies. By consensus, it is defined 
by the Kidney Disease Improving Global Outcomes (KDIGO) staging criteria based 
on changes in serum creatinine or urine output but this classification is not without 
controversy [39]. Serum creatinine and urine output are neither renal-specific nor 
early markers of renal dysfunction. Serum creatinine concentrations depend on liver 
function and muscle mass and may also be affected by acute illness (e.g., major 
trauma, sepsis) [40]. Elucidating baseline renal function can be challenging in clini-
cal practice as historical serum creatinine results are not always available. As such, 
AKI may be over- or under-diagnosed [41, 42]. Moreover, serum creatinine has a 
non-linear relationship with glomerular filtration rate (GFR) and requires time to 
accumulate, which contributes to delays in detection of important changes in kidney 
function. Urine output can also be misleading when driven by drugs such as diuret-
ics, or as a natural physiological response to hypovolemia or endogenous secretion 
of anti-diuretic hormone [39, 43].

31.5.1  Pathophysiology of Acute Brain Dysfunction in AKI

AKI is considered an inflammatory condition. It is known to be associated with 
neurological complications including confusion, seizures and coma [44]. The patho-
physiological mechanisms during AKI include endothelial injury, leukocyte infiltra-
tion, release of cytokines and inflammatory mediators, induction of apoptosis, and 
local activation of the coagulation system. The promotion of leukocyte infiltration 
into the kidneys has been found in animal models to induce the production of cyto-
kines and chemokines, including IL-1, IL-6, IL-10 and TNF, and subsequent release 
into the systemic circulation, extending effects to other organs including the brain 
[45, 46]. Furthermore, animal model studies utilizing this concept have identified 
increased brain vascular permeability, microvascular protein leakage, neuronal pyk-
nosis and microgliosis in the hippocampus, and disruption of the blood-brain barrier 
in AKI [46]. It is this disruption to the blood-brain barrier that is thought to allow 
infiltration of metabolites and toxins into the brain and central nervous system that 
ultimately leads to brain dysfunction.

31.6  Kidney–Brain Interaction and Critical Illness

During critical illness, AKI leads to electrolyte imbalances, fluid shifts and 
amplification of inflammatory processes. This augmented inflammation is likely 
to be a result of multifaceted mechanisms categorized by: (1) release of 
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cytokines and inflammatory mediators by the kidney; (2) decreased renal clear-
ance of cytokines and chemokines prolonging their exposure on both the brain 
and kidney; (3) acute uremic state with imbalance of electrolyte and volume 
homeostasis; and (4) exposure of blood to the extracorporeal circuit during renal 
replacement therapy (RRT).

Many critically patients with AKI require sedatives and opioid analgesia, both of 
which are known risks factors associated with delirium. During AKI, drug dosing is 
very challenging as renal function often changes quickly and is difficult to assess 
and quantify [47]. Furthermore, there have only been a few small pharmacokinetic 
studies conducted on a limited number of antibiotics making them difficult to gen-
eralize to the wider critical care population [48]. In addition, as AKI augments the 
inflammatory response in critical illness, it remains unclear how drugs and their 
metabolites are affected and to what degree they cross the altered blood-brain bar-
rier. In the case of antibiotics, both under-and over-dosing have been described in 
critically ill patients with sepsis and AKI [49].

From a follow-up study of AKI patients who required RRT, patients had an 
increased risk of dementia after critical illness independent of severe sepsis and 
prolonged delirium duration [50]. It remains unclear, even when RRT is adminis-
tered as a therapy, whether the risk of delirium and long-term cognitive impairment 
is modifiable. During critical illness there appears to be growing evidence to suggest 
AKI and brain dysfunction are linked (Fig. 31.1). The delayed cognitive dysfunc-
tion seen in critical care survivors may be due to critical illness itself but emerging 
theories of kidney–brain crosstalk suggest that AKI could contribute to the risk of 
delirium and long-term cognitive impairment in the critically ill.

Effects of cytokines & inflammatory mediators

Altered drug pharmacokinetics/dynamics

Disturbance of electrolyte and fluid status

Accumulation of uremic substances, metabolic
waste products and drug metabolites 

Impaired clearance of cytokines

Fig. 31.1 Acute kidney injury-induced brain dysfunction. The reasons for brain dysfunction in 
patients with acute kidney injury are multifactorial and include the effects of accumulated waste 
products and fluid overload, the impact of altered drug metabolism and the effects of cytokines and 
inflammatory mediators
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31.7  Conclusion

Delirium remains highly prevalent in the critically ill and difficult to diagnose in 
patient groups where there is uncertainty over baseline cognitive impairment, neu-
rological injury, and often inability to partake in delirium screening assessments. 
Modifiable risk factors associated with critical care delirium are influenced by kid-
ney–brain crosstalk interactions through amplification of inflammation, impaired 
clearance of chemokines and cytokines, alteration of drug clearance, electrolyte 
imbalances and fluid shifts. Interventions directed at preventing or reducing delir-
ium and preserving renal function may mitigate brain injury associated with critical 
illness. Although the role of RRT on ameliorating brain injury appears hopeful, to 
date RRT’s ability to modify delirium risk is unclear and requires further research. 
It is accepted that those who survive their critical illness are at increased risk of 
long-term cognitive impairment, though less is known regarding whether AKI per 
se contributes to this. It remains unknown whether it is the initial AKI insult that 
increases the risk of delirium and cognitive dysfunction and whether this is revers-
ible. More research is urgently needed.
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32Brain Ultrasound in the Non- neurocritical 
Care Setting

C. Robba, L. Ball, and P. Pelosi

32.1  Introduction

The clinical applications of ultrasound in intensive care and perioperative medicine 
have expanded enormously over the past decades. In particular, brain ultrasonogra-
phy and transcranial Doppler (TCD) can help with early detection of neurological 
emergencies and provide real-time information on the cerebral hemodynamics of 
critically ill patients. Ultrasound enables assessment of brain structures and detec-
tion of anatomy, as well as calculation of basic and TCD-derived parameters. 
Among these, non-invasive assessment of intracranial pressure (ICP), cerebral per-
fusion pressure (CPP) and autoregulation mechanisms have gained particular inter-
est and can have useful clinical applications also outside the specialized neurocritical 
care unit.

In this chapter, we will present and discuss clinical applications of brain ultra-
sound intended for use in the non-neurocritical care setting, with particular regard 
to specific clinical conditions commonly seen in the polyvalent intensive care unit 
(ICU), operating room and emergency department where these techniques can inte-
grate other commonly used diagnostic techniques.
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32.2  Methods to Evaluate Cerebral Perfusion 
and Intracranial Pressure

Brain ultrasound can be used to infer information regarding the ICP, CPP and their 
interaction through autoregulation mechanisms. These ultrasound-based methods 
have been widely studied thanks to their non-invasiveness, low cost, repeatability, 
and availability at the bedside without the need for particular software or probes [1]. 
These techniques may also be applied in emergency settings outside the hospital for 
early detection of brain functional abnormalities.

TCD measures the blood flow velocity (FV) through the major intracranial 
 vessels. Because of its easy availability and safety, the non-invasive evaluation of 
ICP using TCD has been widely explored [1]. The Gosling pulsatility index, calcu-

lated as Pulsatility index
FV FV

FV
systolic diastolic

mean

 =
-

, is often considered an estimate of 

distal cerebrovascular resistance to blood flow; however its relation with resistance 
and ICP is complex and its usefulness as a single indicator of cerebral perfusion 
impairment is very limited [2].

Hence, more complex formulas have been proposed to estimate CPP. Since arte-
rial blood pressure, CPP and ICP are linked by the formula CPP = arterial blood 
pressure −  ICP, computing CPP from Doppler-derived measures can provide an 
indirect estimate of ICP.  Different formulas and mathematical approaches have 
been proposed for non-invasive ICP and CPP estimation [3]. Schmidt et al. [4] pro-
posed the following formula for estimation of CPP (nCPP), and therefore ICP:

 

nCPP arterial blood pressure
FV

FV
diastolic

systolic

= × +  14
 

The authors showed that the absolute difference between this estimate and the 
actual CPP was less than 10  mmHg in 89% of measurements and less than 
13 mmHg in 92% of measurements in a cohort of brain-injured patients. In a vali-
dation study, Rasulo et al. found a high sensitivity of this method in a cohort of 
head trauma patients, suggesting that it could be a valuable tool to rule out intra-
cranial hypertension [5].

Autoregulation is a physiologic mechanism aimed at maintaining an adequate 
perfusion in response to changes in CPP: in each patient there is a range of CPP 
values where this mechanism is preserved, outside of which perfusion may be 
impaired. Ultrasound techniques based on TCD can measure both static and 
dynamic autoregulation [1]. The measurement of static autoregulation requires 
blood pressure manipulation using vasopressors or carotid compression or reducing 
venous return by using a tilting test or thigh cuff release. However, static assessment 
of autoregulation is simplistic, as it does not take in account a number of factors 
including the between-patient differences in autoregulation mechanisms.

A recent approach used TCD for the investigation of dynamic cerebral autoregu-
lation given its high temporal resolution, which enabled measurement of the timing 
of the changes in cerebral blood flow in response to the changes in CPP. The mean 
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flow index has been proposed as an indicator of adequacy of autoregulation mecha-
nisms. It is computed as the correlation coefficient between the mean cerebral flow 
velocity and CPP: a mean flow index value of zero or negative indicates preserved 
autoregulation, whereas a positive correlation indicates impaired autoregulation [1].

Another ultrasound-based method to screen for ICP increase is based on the 
measurement of the diameter of the optic nerve sheath diameter. The optic nerve 
sheath is continuous with the dura mater; as such, the space within the sheath is 
continuous with the cranial subarachnoid space. When ICP increases, the pressure 
in this anatomical space increases linearly, increasing the optic nerve sheath diam-
eter [6]. Measurement of the optic nerve sheath diameter with ultrasound has gained 
interest over the last years, as it is a promising bedside tool for the non-invasive 
detection of increased ICP, with several studies suggesting that this technique pro-
vides good diagnostic accuracy [7, 8]. The cut-off value for normal optic nerve 
sheath diameter ranges from 5.2 to 5.9 mm, higher values suggesting the presence 
of intracranial hypertension. A recent meta-analysis [6], including 320 patients 
from seven studies assessing the accuracy of optic nerve sheath diameter measure-
ment for detection of intracranial hypertension, found a pooled diagnostic odds ratio 
>65, a pooled likelihood ratio of 5.35 and an area under the receiver-operating char-
acteristic curve (AUC) of 0.938. Although these concepts have been widely explored 
in the settings of neurocritical care, all authors agree that although these non- 
invasive tools have several advantages, their accuracy is not good enough compared 
with invasive devices and, therefore, they cannot substitute for invasive methods [7]. 
In fact, for both TCD and optic nerve sheath diameter measurement, their ability is 
not to measure ICP and CPP, but rather to perform a preliminary estimation, aimed 
at ruling out or corroborating the hypothesis of intracranial hypertension. Table 32.1 
resumes the characteristics of some of the discussed parameters.

In this context, these methods may find a useful application in patients at risk of 
intracranial hypertension especially outside of the neurocritical care setting where 
invasive ICP is easily available and often indicated. These settings include the polyva-
lent ICU, the emergency department and the operating room, as illustrated in Fig. 32.1.

32.3  Brain Ultrasound in Liver Failure

Cerebral edema and intracranial hypertension are common during acute liver failure 
and severe encephalopathy, and are major causes of morbidity and mortality [9]. 
However, invasive ICP monitoring often has an unfavorable risk-benefit ratio, the 
major concern being coagulopathy and the risk of intracranial hemorrhage, the inci-
dence of which is estimated at between 2.5% and 10% [10]. Therefore, optic nerve 
sheath diameter assessment and TCD-derived ICP estimation can play an important 
role in this group of patients.

Recently, Rajajee et  al. [11] compared different non-invasive ICP methods with 
invasive ICP in a retrospective cohort of 41 patients with liver failure. According to 
their results, all the methods had a significant correlation with ICP, but the TCD-derived 
estimation formula had the best ability to predict intracranial hypertension, with an 
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AUC of 0.90. Few studies have described changes in optic nerve sheath diameter dur-
ing liver failure. In a cohort of 20 liver transplant recipients with end-stage liver dis-
ease, optic nerve sheath diameter was measured at the pre- induction, pre-anhepatic, 
anhepatic, reperfusion and neohepatic phases [12]; optic nerve sheath diameter was 
increased especially during the reperfusion phase and directly correlated with arterial 
carbon dioxide concentration, suggesting that the carbon dioxide with consequent cere-
bral vasodilation can play a key role in increasing optic nerve sheath diameter and ICP 
during hepatic graft reperfusion. Zheng et al. used TCD to compute the autoregulation 
index and found that autoregulation was impaired in most patients undergoing liver 
transplantation and was strongly related to neurologic complications after surgery [13].

Table 32.1 Some characteristics of some brain ultrasound parameters

Probe Mode Anatomic structures
Findings and 
parameters Clinical applications

Cardiac B-mode  • Mesencephalon
 • Basal cisterns
 •  Intracerebral 

ventricles
 • Brain parenchyma

 • Midline shift
 •  Intracerebral 

haemorrhage
 • Cerebral ischemia
 • Hydrocephalus

 •  Rapid assessment of brain 
injury in the emergency 
room, operating room

 •  Evaluation of patients at 
risk of intracerebral 
bleeding (coagulopathy, 
ECMO, liver failure etc.)

B-mode
Color 
Doppler

 • Willis circle
 • Main brain vessels

 • Pulsatility index
 •  Non-invasive 

cerebral perfusion 
pressure

 •  Non-invasive 
intracranial pressure 
estimation

 •  Assessment of brain 
perfusion homeostasis in 
patients with organ failure 
(e.g. in sepsis, respiratory 
failure, liver failure)

 •  Effects on cerebral flow 
of extracorporeal life 
support

 •  Assessment of cerebral 
function in pregnancy-
related neurological 
complications

 •  Critical closing 
pressure

 •  Cerebral 
compliance

 •  Autoregulation 
mechanisms

 •  Individualization of 
cerebral perfusion 
pressure targets

Linear B-mode  • Eye
 •  Optic nerve sheath

 •  Optic nerve sheath 
diameter

 •  Screening of intracranial 
hypertension in the 
emergency room

 •  Semi-quantitative 
evaluation of intracranial 
pressure in patients in 
whom invasive 
monitoring is not 
available or 
contraindicated

ECMO extracorporeal membrane oxygenation
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The role of the pulsatility index is less clear, as it seems to be a poor predictor of 
patient outcome according to several studies [14]. However, Abdo et al. [15] dem-
onstrated that a large number of patients with acute liver failure had a low-flow 
sonographic pattern with increased cerebrovascular resistance and that a higher pul-
satility index was correlated with neurological deterioration and mortality. These 
findings suggest that structural vascular damage and loss of vascular autoregulation 
are implicated in the pathophysiology of hepatic encephalopathy, but the role of the 
pulsatility index as a prognostic factor to assess the severity of disease needs further 
clarification.

The use of non-invasive TCD-based ICP estimation might be helpful to stratify 
the risk of intracranial hypertension in patients with severe liver failure admitted to 
the ICU or scheduled for surgery.

32.4  Brain Ultrasound in Sepsis and Septic Shock

In sepsis and septic shock, brain function is frequently affected even in the absence 
of infection of the central nervous system, in a condition referred to as septic 
encephalopathy.

Post-cardiac arrest
syndrome

    Head trauma in the ER
    Central nervous system
    infections
    Patients at risk of brain
    hemorrhage

Sepsis and other
types of shock

Liver failure-related
encephalopathy

Pregnancy-related
encephalopathy

Cerebral effects of mechanical
ventilation in the ICU and OR

Extracorporeal membrane
oxygenation

Fig. 32.1 Applications for brain ultrasound and transcranial Doppler in the non-critical care set-
ting. ER emergency room, OR operating room, ICU intensive care unit
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Among the putative mechanisms of septic encephalopathy, cytokine-induced 
damage of the blood-brain barrier can result in brain edema, microvascular failure 
and loss of cerebral autoregulation. Also, a reduction in CPP related to systemic 
hypotension can lead to cerebral ischemia and edema.

Although TCD is only an indirect measure of cerebral blood flow, it could poten-
tially provide indirect information about autoregulation, non-invasive CPP as well 
as cerebrovascular reactivity to carbon dioxide in patients with sepsis [16]. Cerebral 
blood flow changes can occur during sepsis and septic shock and some authors have 
demonstrated that the alterations in pulsatility index, as an indicator of peripheral 
vascular resistance, are associated with the severity of clinical symptoms and might 
have a correlation with the development of delirium [17].

Pfister et  al. showed that cerebral autoregulation is often impaired in patients 
with septic shock, and that high levels of carbon dioxide may further compromise 
cerebral autoregulation in these patients [18]. Furthermore, low CPP is significantly 
correlated with elevated levels of protein S-100β, a biomarker of brain damage, thus 
suggesting that the combination of hypotension and damaged autoregulation can 
determine brain injury in septic patients [18].

Although robust evidence is still lacking in this field, brain ultrasound might be 
considered as a complement to conventional diagnostic tools to optimize the hemo-
dynamic management of septic patients, targeting systemic pressure values that are 
not only sufficient to maintain peripheral organ perfusion, but also to minimize the 
impact on brain homeostasis.

32.5  Brain Ultrasound in Cardiac Arrest

Early prediction of severe hypoxic encephalopathy after cardiac arrest is of extreme 
interest to optimize post-resuscitation care. However, prediction of long-term neu-
rologic outcome is challenging and very few parameters are available. Optic nerve 
sheath diameter measurement could have a role as a prognostic indicator of hypoxic 
encephalopathy. In a small group of patients resuscitated after cardiac arrest, the 
mean optic nerve sheath diameter of the group with a poor outcome was signifi-
cantly larger than in patients with a good outcome (6.1 mm vs 5.0 mm), and a cut- 
off of 5.4 mm was an indicator of prognosis, with a sensitivity of 83% and specificity 
of 73% [19]. Similarly, in an observational study of comatose post-arrest patients, 
non-survivors showed significantly higher optic nerve sheath diameter values than 
survivors, with a threshold of 5.75 mm for predicting mortality with a specificity of 
100% [20]. These results suggest that neurologic outcome after cardiac arrest is 
related to the presence of intracranial hypertension, and that optic nerve sheath 
diameter could have a role in its detection [21]. However, the results of these small- 
sample studies need larger validation.

Few studies are available describing the application of TCD after cardiac arrest, 
most of them describing cerebrovascular hemodynamics in comatose patients. 
Although some authors suggest that TCD can reflect an increase in cerebrovascular 
resistance secondary to arteriolar vasoconstriction distal to the point of insonation 
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of the middle cerebral artery during ventricular tachycardia and fibrillation [22], 
results are not consistent, and the correlation between TCD findings and prognosis 
is still unclear.

Thus TCD and optic nerve sheath diameter might be considered as part of multi-
modal prognostication of post-cardiac arrest patients, including electroencephalog-
raphy, pupillometry and neuroimaging [23].

32.6  Brain Ultrasound During Extracorporeal Membrane 
Oxygenation

Cerebrovascular complications are common in patients treated with extracorporeal 
membrane oxygenation (ECMO), because one of the major risks during ECMO is 
the development of ischemic stroke, caused by solid or gaseous microemboli due to 
thrombosis within the circuit or cannula, or hemorrhagic complications, due to sys-
temic anticoagulation. According to a recent study, TCD is able to detect microem-
bolic signals in real time during ECMO, demonstrating a prevalence of 26% in 
veno-venous ECMO patients and in more than 80% of veno-arterious ECMO 
patients [24]. However, in this study, no correlation was found between microem-
boli detection and clinical neurological impairment at 6  months follow-up. 
Pulsatility index can have very low values during veno-arterial ECMO and is 
directly correlated with changes in the ejection fraction, due to the non-pulsatile 
nature of the ECMO flow [25]. In this setting, changes in pulsatility index mostly 
depend on the severity of myocardial dysfunction and should not be mistakenly 
attributed to cerebral vasodilation or cerebral circulatory arrest. Moreover, increased 
pulsatility index in these patients can represent a phase of improvement in cardiac 
function and should not be confused with elevated ICP [25].

In neonatal ECMO candidates, brain ultrasound examination has been proposed 
as the screening technique of choice for assessing pre-existing neurological dam-
age. Ultrasound can detect intracranial abnormalities, such as parenchymal hemor-
rhage infarcts, cerebellar hemorrhage, and diffuse edema as well as providing 
ancillary tests to support the diagnosis of irreversible brain injury and brain death 
during ECMO [26].

Due to the high incidence of neurologic complications during ECMO, further 
research is warranted to better clarify the role of brain ultrasound and TCD to 
improve the clinical management of these patients.

32.7  Brain Ultrasound in Patients with Acute Respiratory 
Failure

Respiratory and cerebral monitoring are complex aspects of critical care manage-
ment [27]. Many ventilation strategies commonly used in patients with respira-
tory failure, in particular the use of positive pressure ventilation, are potentially 
associated with an increased risk of intracranial hypertension; furthermore, lung 
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protective ventilation and consequent permissive hypercarbia, may aggravate a pre-
existing alteration of cerebral autoregulation [28]. Moreover, in chronically hyper-
capnic patients, mechanical ventilation can dramatically affect the blood levels of 
carbon dioxide, with potentially relevant effects on the cerebral perfusion.

Positive airway pressure and, in particular, the use of positive end-expiratory 
pressure (PEEP), can have dangerous effects on cerebral physiology by impeding 
cerebral venous return and decreasing arterial pressure and carries the risk of 
decreasing cerebral perfusion. However, several authors suggest that the reduction 
in CPP is possibly secondary to hypocapnic vasoconstriction and systemic blood 
pressure reduction rather than being directily related to PEEP application [29]. 
Similarly, prone positioning and recruitment maneuvers can potentially increase 
ICP, and their use in brain injured patients must be carefully balanced against the 
risks. Overall, ventilator strategies may affect ICP, and because invasive neuromoni-
toring is not indicated in these patients, brain ultrasound can be useful for the non- 
invasive assessment of ICP and CPP as well as for the calculation of complex 
parameters such as autoregulation.

In a cohort of non-brain injured patients undergoing spine surgery, non-invasive 
ICP was estimated with TCD and optic nerve sheath diameter during prone posi-
tioning and PEEP application [30]. The mean values of optic nerve sheath diameter 
and TCD-derived ICP significantly increased after changes from supine to prone 
position, whereas the effect of PEEP was negligible.

Non-invasive methods may be applicable in clinical practice to monitor cerebro-
vascular changes non-invasively during mechanical ventilation, to monitor the cere-
bral effects of ventilation.

32.8  Brain Ultrasound in Pregnancy-Related Pathology

Pregnancy is associated with changes in maternal physiology that predispose to 
several neurologic disorders. Pregnancy-related systemic changes are well known, 
especially the major hemodynamic changes that occur during pregnancy with 
increase in cardiac output and circulating plasma. However, the changes in central 
nervous system physiology are poorly understood and it is not clear whether these 
modifications can predispose pregnant patients to neurological complications [31].

Because of its non-invasiveness, brain ultrasound has been used to assess cere-
brovascular changes during pregnancy. Some authors found that the pulsatility 
index has a peak in mid-pregnancy between 8 and 29 gestational weeks and that 
CPP drops to its lowest levels in mid-pregnancy and after delivery. Also, middle 
cerebral artery mean velocity decreases with advancing gestation and increases to 
non-pregnant values in the immediate puerperium [31]. According to some authors, 
dynamic cerebral autoregulation does not differ in pregnant and non-pregnant 
women [32].

Preeclampsia is associated with endothelial dysfunction and impaired autonomic 
function, which is hypothesized to cause cerebral hemodynamic abnormalities, 
including altered cerebrovascular response to breath holding; therefore, brain 

C. Robba et al.



415

ultrasound has been proposed to predict the development of eclamptic encephalopa-
thy. Recent studies showed that optic nerve sheath diameter is larger in preeclamptic 
versus healthy pregnant women at delivery with 20–43% of preeclamptic patients 
having optic nerve sheath diameter values compatible with ICP >20 mmHg [33]. 
Similarly, preeclampsia may severely affect the cerebral circulation leading to 
impairment of cerebral autoregulation. In a prospective cohort analysis, autoregula-
tion determined by TCD was significantly reduced in preeclamptic women com-
pared with normotensive women, without any correlation between the autoregulation 
index and blood pressure, thus suggesting cerebral complications might occur even 
without sudden or excessive changes in blood pressure [34].

Cerebrovascular complications in pregnant patients are associated not just with 
preeclampsia, but also with other hypertensive disorders of pregnancy, including 
isolated hemolysis, elevated liver enzymes, and low platelet count syndrome, 
chronic hypertension and gestational hypertension, which are believed to be associ-
ated with impaired cerebral autoregulation. In a recent study assessing autoregula-
tion in patients with preeclampsia, gestational hypertension and chronic 
hypertension, the autoregulatory index was reduced in preeclampsia and chronic 
hypertension, but not in gestational hypertension when compared with control sub-
jects [34]. These findings suggest that in patients with preeclampsia, hyperperfusion 
and vasogenic edema with loss of autoregulation are the most probable pathophysi-
ological mechanisms responsible for neurological complications.

Brain ultrasound could be a complementary tool to assess pregnant women at 
increased risk for neurologic complications, such as in preeclampsia.

32.9  Brain Ultrasound in Central Nervous System Infections

In patients with central nervous system infections, the development of cerebral 
edema precipitates the neurologic conditions of the patient, but invasive monitoring 
of ICP is contraindicated. In these patients, the pulsatility index seems to be 
increased, especially in patients with poor neurologic state, which may be attributed 
to focally increased ICP, peripheral vasospasm of distal arterial branches or 
 hyperemia. Serial TCD evaluations revealed that the decrease in pulsatility index 
coincided with symptom improvement [35]. A recent case report described the clin-
ical application of non-invasive methods as targets for an ICP lowering protocol in 
a woman with meningoencephalitis [36]. In this case, the patient presented with 
meningitis and cerebral edema and was therefore at high risk for intracranial hyper-
tension, but invasive ICP monitoring was contraindicated because the patient was 
receiving anticoagulation. Therefore, continuous TCD and regular assessments of 
optic nerve sheath diameter were used for non-invasive ICP monitoring with excel-
lent results.

Although there is not enough evidence to apply non-invasive methods as targets 
for ICP management protocols in patients with central nervous system infections 
where invasive ICP monitoring is contraindicated but the patient is at risk of intra-
cranial hypertension, brain ultrasound could be an acceptable substitute.
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32.10  Brain Ultrasound in Stroke

Brain ultrasound can play several roles in patients with stroke: discriminate isch-
emic from hemorrhagic forms, unravel the mechanism of stroke, monitor temporal 
evolution of stroke and predict stroke outcome. In addition to the common applica-
tion as screening for vasospasm, TCD can be used to detect hemorrhage itself, as an 
echo-dense parenchymal lesion in the acute phase, with progressive decrease in the 
echogenicity in the central region over time.

In patients with an adequate transtemporal acoustic window, accuracy in the detec-
tion of the size and site of an intracranial hematoma is high, potentially comparable to 
that of computed tomography (CT): supratentorial intracranial hemorrhages are easily 
detected when larger than 1 mL, with excellent correlation between ultrasound and 
CT measurements, with a sensitivity of 94%, specificity of 95%, positive predictive 
value of 91% and negative predictive value of 95% [37] in the differentiation between 
intracerebral hemorrhage and ischemic stroke [38]. Enlargement of the optic nerve 
sheath diameter can also be detected in the hyperacute phases of acute intracerebral 
hemorrhage within 6 h of the onset of symptoms, with optic nerve sheath diameter 
>0.66 mm suggesting hemorrhage volume >2.5 mL with 90% accuracy [39].

Because the hematoma volume is an important determinant of outcome and a 
predictor of clinical deterioration in patients with intracerebral hemorrhage, TCD 
can be applied to assess hemodynamic changes following hemorrhage. Although 
CPP, resistance area product, and cerebral blood flow are more sensitive parameters 
than the absolute velocity values to detect hemorrhage, the severity of the changes 
does not correlate with the volume of the hemorrhage in the acute stage.

The common applications of TCD used in neurocritical settings, might be extended 
to non-neurointensivists, especially to provide a first rapid assessment of patients at 
risk of developing acute cerebrovascular events, e.g., in the emergency room.

32.11  Brain Ultrasound in the Emergency Department

In the specific context of the emergency department, in addition to other applications, 
brain ultrasound has gained particular interest as part of the clinical assessment of the 
patient in the early phases of trauma in the emergency room. Ultrasound can be per-
formed rapidly with adequate image quality in the majority of critically ill patients 
and frequently enables an early assessment of brain injury as well as the screening of 
patients at risk of developing secondary damage [40]. Brain ultrasound can detect 
early intracranial hypertension, intracerebral hemorrhage, hydrocephalus and midline 
shift, and could potentially be included in the focused assessment with sonography for 
trauma (FAST) protocol, for the rapid diagnosis and treatment decision making of 
patients with intracranial emergencies in point-of-care settings [41–44]. Bouzat et al. 
recently demonstrated that a pulsatility index of more than 1.25 and diastolic blood 
flow velocity <25 cm/s in the two middle cerebral arteries had 80% sensitivity and 
79% specificity to predict neurologic worsening [45]. Similarly, optic nerve sheath 
diameter has been studied in the emergency setting. Tayal et al. conducted a small 
prospective study on adult emergency department patients with suspected intracranial 
injury who underwent sonographic measurement of optic nerve sheath diameter, 
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finding high sensitivity but low specificity in detecting elevated ICP [40]. Similarly, 
Blaivas et al. [41] found a good agreement between enlarged optic nerve sheath diam-
eter and CT findings compatible with increased ICP, such as the presence of a mass 
effect with a midline shift, a collapsed third ventricle, hydrocephalus, the effacement 
of sulci with evidence of significant edema, and abnormal mesencephalic cisterns.

Overall, results from studies on optic nerve sheath diameter as a reliable predic-
tor for increased mean intracranial hypertension show that this method could be an 
easy, cheap, and non-invasive method that can be used to support the diagnosis and 
evaluation of patients with acute brain injury presenting in the emergency depart-
ment. We conducted a meta-analysis of six studies that used optic nerve sheath 
diameter as a predictor for the presence of signs of intracranial hypertension on CT 
scan [40–44, 46]. In these studies, the optic nerve sheath diameter cut-off ranged 
from 4.5 to 6 mm. We synthetized studies with a diagnostic random-effects model 
using the DerSimonian-Laird method, finding a pooled sensitivity of 0.92 (95% 
confidence interval [CI] 0.82–0.97, I2 = 40%, p = 0.14) and specificity of 0.87 (95% 
CI 0.71–0.95, I2  =  87%, p  <  0.001). The cumulative receiver-operating curve is 
illustrated in Fig. 32.2. Overall, the analysis suggests that the optic nerve sheath 
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Fig. 32.2 Receiver-operating curve for the prediction of raised intracranial pressure using optic 
nerve sheath diameter in the emergency room. White circles: single study estimates, black dia-
mond: pooled estimate. In all studies the reference was the presence of signs of intracranial hyper-
tension on computed tomography scan
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diameter could be a promising tool in the emergency room to screen for the pres-
ence of intracranial hypertension, but statistical heterogeneity is moderate-to- high 
and further validation studies are warranted.

32.12  Brain Ultrasound in the Operating Room

Intraoperative use of brain ultrasound has gained popularity over the years as an 
easily available and safe neuromonitoring tool in procedures at risk for neurological 
complications. Potentially, it could be used in the perioperative management of 
various groups of surgical patients, to monitor the occurrence of neurological com-
plications during anesthesia including intracerebral bleeding, ischemia and stroke. 
Brain ultrasound has raised interest in specific perioperative settings. Cardiac sur-
gery requires specific anesthetic management related to the need for extracorporeal 
circulation and hypothermia in most surgical procedures. In this context, neurologi-
cal complications are common, and the mechanisms responsible for cerebral com-
plications include micro-emboli, cerebral hypoperfusion and loss of autoregulation. 
Clinical studies measuring cerebral blood flow during deep hypothermia have dem-
onstrated altered cerebrovascular autoregulation and association with poor outcome 
and neurological complications [47].

The use of TCD has also been widely used in vascular surgery and in particular 
during carotid endoarterectomy as a monitoring tool during carotid clamping, de- 
clamping, external carotid artery occlusion and risk of chronic embolization, or a 
site for extended thrombosis during wound closure. TCD can identify microembolic 
signals enabling prediction of the risk for development of new postoperative isch-
emic lesions, and could reduce the use of carotid shunting [47].

Another important application of brain ultrasound in the intraoperative setting is 
in patients undergoing laparoscopic surgery. This technique requires application of 
a pneumoperitoneum and often a concomitant steep head-down position, thus 
increasing the risk of decreased venous return, variation in mean arterial pressure 
and systemic vascular resistance, hypercapnia and therefore an increase in 
ICP. Because an increase of ICP >20 mmHg has been detected in around 10% of 
patients without neurological disease [48], a non-invasive ICP measurement method 
could be useful to identify patients at higher risk of postoperative neurologic impair-
ment. Ultrasound-based, non-invasive ICP monitoring during pneumoperitoneum 
and Trendelenburg position has been studied by several authors demonstrating a 
significant increase in optic nerve sheath diameter and TCD-derived ICP [48]. 
Finally, non-invasive neuromonitoring could be useful even in orthopedic surgery, 
and in particular for shoulder surgery in the beach-chair position. This peculiar 
position can be associated with a reduction in cerebral oxygenation, venous return, 
cardiac output, CPP and blood pressure especially during general anesthesia which 
alters cardiovascular reflex responses [49].

Some authors have reported neurologic injury occurring in healthy patients in the 
beach chair position, including stroke, spinal cord ischemia, and transient visual 
loss and stroke. Pohl and Cullen [50] reported cases of catastrophic perioperative 
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central nervous system infarction associated with shoulder surgery in the sitting 
position. There are few published reports on the use of TCD in the beach chair posi-
tion for the assessment of cerebral hemodynamics, and most used the flow velocity 
as the main measure [50]. Cerebral hypoperfusion can be the main mechanism for a 
low cerebral blood flow velocity pattern with loss of optimal cerebral autoregula-
tion. Moreover, estimated CPP <60 mmHg may indicate that patients were on the 
verge of the lower limit of autoregulation, a physiological state in which flow veloc-
ity decreases passively with decreasing CPP.

32.13  Conclusion

Brain ultrasound is a safe and quick bedside technique, which enables identification 
of several structures within the brain parenchyma and monitoring of various aspects 
of cerebrovascular pathophysiology. The non-invasiveness of this technique, 
together with its safety and low cost as a neuromonitoring system, determine its 
applicability in multiple settings, also in the non-neurocritical care setting, in cases 
where invasive monitoring is warranted but not available or contraindicated. Brain 
ultrasound assessment of cerebral perfusion assessment is still a poorly developed 
technique and is not routinely performed in critical care. Future studies should aim 
to further validate these techniques and explore the role of monitoring in different 
settings and the effect on patient outcome.

References

 1. Robba C, Cardim D, Sekhon M, Budohoski K, Czosnyka M. Transcranial Doppler: a stetho-
scope for the brain-neurocritical care use. J Neurosci Res. 2018;96:720–30.

 2. De Riva N, Budohoski KP, Smielewski P, et al. Transcranial doppler pulsatility index: what it 
is and what it isn’t. Neurocrit Care. 2012;17:58–66.

 3. Robba C, Donnelly J, Bertuetti R, et al. Doppler non-invasive monitoring of ICP in an animal 
model of acute intracranial hypertension. Neurocrit Care. 2015;23:419–26.

 4. Schmidt EA, Czosnyka M, Gooskens I, Piechnik SK, Matta BF, Whitfield PC. Preliminary 
experience of the estimation of cerebral perfusion pressure using transcranial Doppler ultraso-
nography. J Neurol Neurosurg Psychiatry. 2001;70:198–204.

 5. Rasulo FA, Bertuetti R, Robba C, et  al. The accuracy of transcranial Doppler in excluding 
intracranial hypertension following acute brain injury: a multicenter prospective pilot study. 
Crit Care. 2017;21:44.

 6. Robba C, Santori G, Czosnyka M, et al. Optic nerve sheath diameter measured sonographi-
cally as non-invasive estimator of intracranial pressure: a systematic review and meta-analysis. 
Intensive Care Med. 2018;44:1284–94.

 7. Robba C, Cardim D, Tajsic T, et  al. Ultrasound non-invasive measurement of intracranial 
pressure in neurointensive care: a prospective observational study. PLoS Med. 2017;14: 
e1002356.

 8. Geeraerts T, Launey Y, Martin L, Pottecher J, Duranteau J, Benhamou D. Ultrasonography of 
the optic nerve sheath may be useful for detecting raised intracranial pressure after severe brain 
injury. Intensive Care Med. 2007;33:1704–11.

 9. Thumburu KK, Taneja S, Vasishta RK, Dhiman RK. Neuropathology of acute liver failure. 
Neurochem Int. 2012;60:672–5.

32 Brain Ultrasound in the Non-neurocritical Care Setting



420

 10. Vaquero J, Fontana RJ, Larson AM, et  al. Complications and use of intracranial pressure 
monitoring in patients with acute liver failure and severe encephalopathy. Liver Transpl. 
2005;11:1581–9.

 11. Rajajee V, Williamson CA, Fontana RJ, Courey AJ, Patil PG. Noninvasive intracranial pressure 
assessment in acute liver failure. Neurocrit Care. 2018;8:1–11.

 12. Seo H, Kim YK, Shin WJ, Hwang GS. Ultrasonographic optic nerve sheath diameter is cor-
related with arterial carbon dioxide concentration during reperfusion in liver transplant recipi-
ents. Transplant Proc. 2013;45:2272–6.

 13. Zheng Y, Villamayor AJ, Merritt W, et al. Continuous cerebral blood flow autoregulation moni-
toring in patients undergoing liver transplantation. Neurocrit Care. 2012;17:77–84.

 14. Stewart J, Särkelä M, Koivusalo AM, et al. Frontal electroencephalogram variables are associ-
ated with the outcome and stage of hepatic encephalopathy in acute liver failure. Liver Transpl. 
2014;20:1256–65.

 15. Abdo A, Pérez-Bernal J, Hinojosa R, et al. Cerebral hemodynamics patterns by transcranial 
Doppler in patients with acute liver failure. Transplant Proc. 2015;47:2647–9.

 16. Oddo M, Taccone FS.  How to monitor the brain in septic patients? Minerva Anestesiol. 
2015;81:776–88.

 17. Pierrakos C, Antoine A, Velissaris D, et al. Transcranial doppler assessment of cerebral perfu-
sion in critically ill septic patients: a pilot study. Ann Intensive Care. 2013;3:28.

 18. Pfister D, Siegemund M, Dell-Kuster S, et al. Cerebral perfusion in sepsis-associated delirium. 
Crit Care. 2008;12:R63.

 19. Ueda T, Ishida E, Kojima Y, Yoshikawa S, Yonemoto H.  Sonographic optic nerve sheath 
diameter: a simple and rapid tool to assess the neurologic prognosis after cardiac arrest. J 
Neuroimaging. 2015;25:927–30.

 20. Ertl M, Weber S, Hammel G, Schroeder C, Krogias C.  Transorbital sonography for early 
prognostication of hypoxic-ischemic encephalopathy after cardiac arrest. J Neuroimaging. 
2018;28:542–8.

 21. Chelly J, Deye N, Guichard JP, et  al. The optic nerve sheath diameter as a useful tool for 
early prediction of outcome after cardiac arrest: a prospective pilot study. Resuscitation. 
2016;103:7–13.

 22. Grubb BP, Durzinsky D, Brewster P, Gbur C, Collins B.  Sudden cerebral vasoconstriction 
during induced polymorphic ventricular tachycardia and fibrillation: further observations of a 
paradoxic response. Pacing Clin Electrophysiol. 1997;20:667–72.

 23. Heimburger D, Durand M, Gaide-Chevronnay L, et  al. Quantitative pupillometry and tran-
scranial Doppler measurements in patients treated with hypothermia after cardiac arrest. 
Resuscitation. 2016;103:88–93.

 24. Marinoni M, Migliaccio ML, Trapani S, et  al. Cerebral microemboli detected by transcra-
nial doppler in patients treated with extracorporeal membrane oxygenation. Acta Anaesthesiol 
Scand. 2016;60:934–44.

 25. Kavi T, Esch M, Rinsky B, Rosengart A, Lahiri S, Lyden PD. Transcranial Doppler changes 
in patients treated with extracorporeal membrane oxygenation. J Stroke Cerebrovasc Dis. 
2016;25:2882–5.

 26. Taylor GA, Fitz CR, Miller MK, Garin DB, Catena LM, Short BL. Intracranial abnormali-
ties in infants treated with extracorporeal membrane oxygenation: imaging with US and 
CT. Radiology. 1987;165:675–8.

 27. Ball L, Sutherasan Y, Pelosi P. Monitoring respiration: what the clinician needs to know. Best 
Pract Res Clin Anaesthesiol. 2013;27:209–23.

 28. Meng L, Gelb AW. Regulation of cerebral autoregulation by carbon dioxide. Anesthesiology. 
2015;122:196–205.

 29. Shapiro HM, Marshall LF. Intracranial pressure responses to PEEP in head-injured patients. J 
Trauma. 1978;18:254–6.

 30. Robba C, Bragazzi L, Bertuccio A, et  al. Effects of prone position and positive end- 
expiratory pressure on noninvasive estimators of ICP: a pilot study. J Neurosurg Anesthesiol. 
2017;29:243–50.

C. Robba et al.



421

 31. Lindqvist PG, Maršál K, Pirhonen JP.  Maternal cerebral Doppler velocimetry before, dur-
ing, and after a normal pregnancy: a longitudinal study. Acta Obstet Gynecol Scand. 
2006;85:1299–303.

 32. Janzarik WG, Ehlers E, Ehmann R, et al. Dynamic cerebral autoregulation in pregnancy and 
the risk of preeclampsia. Hypertension. 2014;63:161–6.

 33. Dubost C, Le Gouez A, Jouffroy V, et al. Optic nerve sheath diameter used as ultrasonographic 
assessment of the incidence of raised intracranial pressure in preeclampsia: a pilot study. 
Anesthesiology. 2012;116:1066–71.

 34. Van Veen TR, Panerai RB, Haeri S, Griffioen AC, Zeeman GG, Belfort MA. Cerebral auto-
regulation in normal pregnancy and preeclampsia. Obstet Gynecol. 2013;122:1064–9.

 35. Kargiotis O, Safouris A, Magoufis G, Stamboulis E, Tsivgoulis G.  Transcranial color- 
coded duplex in acute encephalitis: current status and future prospects. J Neuroimaging. 
2016;26:377–82.

 36. Sheehan JR, Liu X, Donnelly J, Cardim D, Czosnyka M, Robba C. Clinical application of non- 
invasive intracranial pressure measurements. Br J Anaesth. 2018;121:500–1.

 37. Mäurer M, Shambal S, Berg D, et al. Differentiation between intracerebral hemorrhage and 
ischemic stroke by transcranial color-coded duplex-sonography. Stroke. 1998;29:2563–7.

 38. Albert AF, Kirkman MA. Clinical and radiological predictors of malignant middle cerebral 
artery infarction development and outcomes. J Stroke Cerebrovasc Dis. 2017;26:2671–9.

 39. Školoudík D, Herzig R, Fadrná T, et al. Distal enlargement of the optic nerve sheath in the 
hyperacute stage of intracerebral haemorrhage. Br J Ophthalmol. 2011;5:217–21.

 40. Tayal VS, Neulander M, Norton HJ, Foster T, Saunders T, Blaivas M. Emergency department 
sonographic measurement of optic nerve sheath diameter to detect findings of increased intra-
cranial pressure in adult head injury patients. Ann Emerg Med. 2007;49:508–14.

 41. Blaivas M, Theodoro D, Sierzenski PR.  Elevated intracranial pressure detected by bedside 
emergency ultrasonography of the optic nerve sheath. Acad Emerg Med. 2003;10:376–81.

 42. Yüzbaşioğlu Y, Yüzbaşioğlu S, Coşkun S, et al. Bedside measurement of the optic nerve sheath 
diameter with ultrasound in cerebrovascular disorders. Turk J Med Sci. 2018;48:93–9.

 43. Amini A, Kariman H, Arhami Dolatabadi A, et al. Use of the sonographic diameter of optic 
nerve sheath to estimate intracranial pressure. Am J Emerg Med. 2013;31:236–9.

 44. Major R, Girling S, Boyle A. Ultrasound measurement of optic nerve sheath diameter in patients 
with a clinical suspicion of raised intracranial pressure. Emerg Med J. 2011;28:679–81.

 45. Bouzat P, Almeras L, Manhes P, et al. Transcranial Doppler to predict neurologic outcome 
after mild to moderate traumatic brain injury. Anesthesiology. 2016;125:346–54.

 46. Komut E, Kozacı N, Sönmez BM, et  al. Bedside sonographic measurement of optic nerve 
sheath diameter as a predictor of intracranial pressure in ED. Am J Emerg Med. 2016;34:963–7.

 47. Smith B, Vu E, Kibler K, et al. Does hypothermia impair cerebrovascular autoregulation in 
neonates during cardiopulmonary bypass? Paediatr Anaesth. 2017;27:905–10.

 48. Robba C, Cardim D, Donnelly J, et al. Effects of pneumoperitoneum and Trendelenburg posi-
tion on intracranial pressure assessed using different non-invasive methods. Br J Anaesth. 
2016;117:783–91.

 49. Buhre W, Weyland A, Buhre K, et al. Effects of the sitting position on the distribution of blood 
volume in patients undergoing neurosurgical procedures. Br J Anaesth. 2000;84:354–7.

 50. Pohl A, Cullen DJ. Cerebral ischemia during shoulder surgery in the upright position: a case 
series. J Clin Anesth. 2005;17:463–9.

32 Brain Ultrasound in the Non-neurocritical Care Setting



423© Springer Nature Switzerland AG 2019
J.-L. Vincent (ed.), Annual Update in Intensive Care and Emergency  
Medicine 2019, Annual Update in Intensive Care and Emergency Medicine, 
https://doi.org/10.1007/978-3-030-06067-1_33

S. Saxena 
Center for Cerebrovascular Research, Department of Anesthesia and Perioperative Care, 
Zuckerberg San Francisco General Hospital & Trauma Center, University of California,  
San Francisco, CA, USA 

Department of Anesthesia, Erasme University Hospital, Université Libre de Bruxelles, 
Brussels, Belgium 

A. Joosten 
Department of Anesthesia, Erasme University Hospital, Université Libre de Bruxelles, 
Brussels, Belgium 

Department of Anesthesia and Intensive Care, Hôpitaux Universitaires Paris-Sud, Université 
Paris-Sud, Université Paris-Saclay, Hôpital De Bicêtre, Assistance Publique Hôpitaux de 
Paris (APHP), Le Kremlin-Bicêtre, France 

M. Maze (*) 
Center for Cerebrovascular Research, Department of Anesthesia and Perioperative Care, 
Zuckerberg San Francisco General Hospital & Trauma Center, University of California,  
San Francisco, CA, USA
e-mail: Mervyn.maze@ucsf.edu

33Brain Fog: Are Clearer Skies 
on the Horizon? A Review 
of Perioperative Neurocognitive 
Disorders

S. Saxena, A. Joosten, and M. Maze

33.1  Introduction

Postoperative cognitive decline is a complication in which a typically elderly surgi-
cal patient inadvertently substitutes one illness for another. The change in cognitive 
performance can be defined by postoperative deterioration in completing neuropsy-
chological tests and requires preoperative testing and testing after the surgical inter-
vention. Unlike postoperative delirium, an acute onset of cognitive impairment in 
which no preoperative testing is required to make the postoperative diagnosis, post-
operative cognitive decline is defined by a significant deterioration from the patient’s 
preoperative capabilities. As formal preoperative neurocognitive testing is not the 
current standard of clinical care, postoperative cognitive decline and its sequelae, 
are currently under-reported [1].
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33.2  Epidemiology/Incidence of Postoperative Cognitive 
Decline

According to the Center for Disease Control, more than 40% of surgical proce-
dures in the USA are performed on patients aged 65 or older, the cohort that is 
especially likely to develop either postoperative cognitive decline or postoperative 
delirium [2].

The incidence of postoperative delirium ranges from 13% to 42% and postopera-
tive cognitive decline occurs in 9–46% of patients [3–5]. Both postoperative delir-
ium and postoperative cognitive decline are associated with higher mortality, 
increased incidence of other postoperative complications, longer duration of hospi-
tal stay, greater utilization of social financial assistance and earlier retirement [6].

33.3  History of Postoperative Cognitive Decline

Postoperative cognitive decline was first described in 1887 by the prominent British 
psychiatrist, Sir George Savage, who documented cases of “insanity” after anesthe-
sia/surgery. In one of the cases he mentions that the surgeon noticed upon emer-
gence from anesthesia that his patient was restless, incoherent, repeating meaningless 
expressions and remained in this state for a few weeks after discharge. Savage con-
cluded his paper by positing whether a previous attack of insanity could subse-
quently affect the postoperative prognosis and advising against performing 
operations “that are not essential for the prolonging or saving life” [7].

Professor Manny Papper mooted postoperative psychosis as an important com-
plication of both spinal and general anesthesia in aged surgical patients in which 
family anecdotally stated words to the effect that “grandfather has not been the 
same after his surgery”. Papper speculated that the cause may be related to cerebral 
anoxia [8].

Bedford published a report containing a retrospective series of patients who 
developed cognitive changes following surgery under general anesthesia in which 
he reported on a “transitory confusion state” following operations under general 
anesthesia. Bedford included 251 postoperative assessments and he reported that 18 
patients suffered from some degree of “dementia” after surgery. Bedford, reiterated 
Savage’s admonition that “operations on elderly patients should be confined to 
unequivocally necessary cases”. Further, Bedford cautioned against the use of cer-
tain techniques such as hypotensive anesthesia, as well as the routine use of pre-
medication, and the administration of powerful opiate analgesics, all in elderly 
surgical patients. Bedford also recommended careful attention to optimizing blood- 
pressure, hemoglobin concentration and oxygenation [9].

In 1998, the International Study on Postoperative Cognitive Dysfunction 
(ISPOCD) reported on a seminal multicenter study in which 1218 surgical patients 
aged 60 and above received general anesthesia. In this cohort, postoperative cogni-
tive decline, identified by a set of postoperative criteria, was found to be present in 
25.8% of patients one week after surgery and in 9.9% of patients (not necessarily 
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the same patients) 3 months after surgery. Unlike the prior warnings of hypoxemia 
and hypotension, the ISPOCD did not attribute a causal relationship to these physi-
ological derangements as had been suggested by others. Rather, the most important 
risk factors for “early” postoperative cognitive decline appeared to be increasing 
age, duration of anesthesia, low educational attainment, a second operation, postop-
erative infections and respiratory complications; only advanced age was associated 
with “late-onset” postoperative cognitive decline [10].

A decade later, Dr. Terri Monk and her colleagues examined the prevalence of 
postoperative cognitive decline in different age strata of 1064 non-cardiac surgical 
patients and noted that postoperative cognitive decline was present at discharge in 
37% of young (18–39 years old), 30% of middle-aged (40–59 years old), and 41% 
of elderly (60 years or older) patients after non-cardiac surgery. At 3-months post- 
surgery, postoperative cognitive decline was present in 6% of young, 6% of middle- 
aged, and 13% of elderly patients. The independent risk factors for postoperative 
cognitive decline at 3 months after surgery were increasing age, low educational 
attainment, a history of previous cerebral vascular accident with no residual impair-
ment, and postoperative cognitive decline at hospital discharge [11].

33.4  Nomenclature and Clinical Syndromes

Recently, a group of experts in postoperative cognitive disturbances devised a new 
terminology aligned to existing psychiatric diagnoses although only delirium is cur-
rently defined in the most recent Diagnostic and Statistical Manual (DSM) [12].

In their opinion, “perioperative neurocognitive disorder”, is the over-arching 
term that covers all forms of this condition. Postoperative delirium is diagnosed by 
several criteria including clouding of consciousness with reduced awareness of the 
environment and difficulty in sustaining and/or shifting attention. In addition, post-
operative delirium is characterized by changes in cognition that affect memory, lan-
guage and orientation in time/space. Postoperative delirium is further classified by 
duration and level of activity, such as hyperactive, hypoactive or mixed delirium.

Perioperative neurocognitive disorder has been known to occur up to 12 months 
after intervention and can have a major impact on one’s daily quality of life. The 
link between postoperative delirium and less immediate perioperative neurocogni-
tive disorder is being investigated; both postoperative delirium and ICU delirium 
are associated with delayed neurocognitive recovery [13–15].

Although hotly contested, perioperative neurocognitive disorders may ultimately 
morph into chronic and progressive dementia [16].

33.5  Etiology

Initially, anesthesiologists had maintained a Pollyannish view of general anesthetics 
as agents that produced a profound alteration in the state of consciousness, which 
was transient with the patient returning to their pristine preoperative condition as 
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soon as these short-acting drugs were eliminated. However, general anesthetics are 
capable of producing residual physiological changes after complete washout of the 
drug [17]. The pendulum then swung to a ‘belief’ that general anesthetics were in 
fact the culprit, a view that was supported by clinical studies that demonstrated 
long-lasting cognitive decline in aged rats exposed to volatile anesthetics [18]. Yet, 
there appeared to be no difference in the incidence of postoperative cognitive decline 
whether the surgical patient received a volatile or an intravenous general anesthetic 
[19, 20]; furthermore, there was no difference in the prevalence of postoperative 
cognitive decline whether the surgical patient was randomized to receive a general 
or a regional anesthetic technique [21]. Confoundingly, the patients in the regional 
anesthetic group may also have received sedative/hypnotic agents that may have 
‘contaminated’ a comparison between regional and general anesthesia.

Beginning with the observation that neuroinflammation is a consequence of the 
aseptic trauma of peripheral surgery [22], a body of evidence has evolved around 
the possibility that the immune response to surgery, so vital for the healing of 
wounds, may be a possible culprit. It had long been appreciated that the syndrome 
of “sickness behavior,” comprising a constellation of behavioral alterations, includ-
ing cognitive decline, develops as a defense mechanism to preserve the organism in 
response to illness and/or trauma [23]. How the process of sickness behavior begins, 
and perhaps more importantly, how it resolves, has led to the conclusion that the 
innate immune response to trauma, may be pivotal to understanding why postopera-
tive neurocognitive disorders develop (Fig. 33.1).

Trauma

PRR

CCR2

cytokines

MCP-1 
HMGB1

LTP
disruption

BM-DM DAMPs

BBB

chemokines

Neuroinflammation Cognitive decline

macrophage interaction

quiescent
microglia

activated
microglia

CCR2
NF-kB

Fig. 33.1 From trauma to cognitive decline (from left to right). Following surgery/peripheral trauma 
(tibia fracture), high mobility group box protein 1 (HMGB1) is released. This damage- associated 
molecular pattern (DAMP) binds to pattern recognition receptors (PRR) on circulating bone marrow-
derived monocytes (BM-DMs). Through an intracellular signaling pathway, the transcription factor 
nuclear factor-kappa B (NF-κB) passes into the nucleus, is activated and increases expression and 
release of pro-inflammatory cytokines. These in turn disrupt the blood-brain barrier (BBB). Within 
the brain parenchyma the chemokine monocyte chemoattractant protein (MCP)-1 (also referred to as 
CCL2) is upregulated and attracts the BM-DMs through binding to its receptor, CCR2. In turn, this 
activates the resident quiescent microglia. Together, the BM-DMs and activated microglia release 
HMGB1 and pro-inflammatory cytokines that disrupt long-term potentiation (LTP) thereby blocking 
synaptic plasticity changes that are required for the cognitive functions of learning and memory
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High mobility group box 1 protein (HMGB1), a damage-associated molecular 
pattern (DAMP), is released from the cytosolic compartment of traumatized tissue 
and engages the innate immune system by binding to pattern recognition receptors 
on circulating immunocytes to induce translocation of the transcription factor 
nuclear factor-kappa B (NF-κB) into the nucleus where it enhances the transcription 
and translation of pro-inflammatory cytokines [24–26]. The released cytokines are 
capable of disrupting the blood-brain barrier facilitating the migration of circulating 
bone marrow-derived monocytes into the brain, attracted by an upregulation of the 
chemokine monocyte chemoattractant protein-1 (MCP-1) from microglia [27]. 
Within the central nervous system, the bone marrow-derived monocytes interact 
with microglia to release pro-inflammatory cytokines, such as interleukin (IL)-1β 
and IL-6 within the parenchyma; both of these cytokines can disrupt synaptic plas-
ticity thereby preventing long-term potentiation, the neurobiologic correlate of 
learning and memory [28, 29].

A combination of humoral factors (derived from fatty acids) and neural mecha-
nisms, principally vagal activation, resolve the peripheral and neuroinflammation 
and restore cognitive function to the pre-morbid state [30, 31].

Based upon these mechanisms, we hypothesize that the development of postop-
erative neurocognitive disorders is due to either the initiation of an exaggerated 
inflammatory response or the failure to appropriately resolve the inflammation. 
Risk factors known to influence the development of postoperative neurocognitive 
disorders have been shown to enhance the initiation, or thwart resolution, of inflam-
mation in a predictable manner adding credence to the immunologic basis for this 
postoperative complication.

Whether there is a mechanistic link between anesthetics and Alzheimer’s disease 
is under active investigation. Certain anesthetics increase aggregation and oligomer-
ization of the amyloid-beta (Aβ) peptide and enhance accumulation and hyperphos-
phorylation of tau protein [32–34]. Nonetheless, studies have not shown that 
anesthesia exposure is associated with Alzheimer’s disease [35–37]. Alternatively, 
neuroinflammation features prominently in both postoperative neurocognitive dis-
orders (see above) and Alzheimer’s disease; surgery enhanced microglial activation, 
amyloidopathy and tauopathy in a murine Alzheimer’s disease model [38].

33.6  Interventions

There are currently no treatment options for postoperative neurocognitive disorders. 
Experts have therefore prioritized preventative strategies especially in patients that 
are at high risk (elderly, metabolic syndrome etc). Prehabilitation is defined as the 
“process of enhancing an individual’s functional capacity to enable her/him to with-
stand a forthcoming stressor (such as major surgery)” [39]. Among the several pre-
habilitative measures that have been advocated, we favor the biologic plausibility of 
exercise. Aerobic exercise has immune-modulatory properties. Healthy young sed-
entary adult volunteers who were randomized to a 12-week high intensity training 
program had significantly less inflammatory response when stimulated with 
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lipopolysaccharide [40]. Six weeks of preoperative exercise in a rat model of meta-
bolic syndrome resulted in significantly less postoperative neuroinflammation and 
cognitive decline [41].

The risk-mitigation strategy of ‘brain training’ or ‘cognitive training’ has also 
been advocated. Chu-Man et al. noted that teaching neophytes to play mahjong over 
a period of 12 weeks resulted in higher overall scores indicating improved short- 
term memory, logical reasoning and attentiveness [42]. Three 1-h sessions of mne-
monic training resulted in an overall lower incidence of postoperative cognitive 
decline 1 week after surgery (15.9% versus 36.1% in the control group; p < 0.05) 
[43]. An ongoing study is currently investigating whether engaging in preoperative 
“mental gymnastics” will prevent delirium. The mental gymnastics in this study 
consists of 1 h/day of electronic tablet-based cognitive exercise for 10 days prior to 
surgery (ClinicalTrials.gov Identifier: NCT02230605).

33.7  Conclusion

Described for the first time over a century ago, postoperative cognitive impairment 
remains a major and debilitating surgical complication. At present, there are no 
demonstrably efficacious pre-emptive actions or interventions for this condition. 
Although the inflammatory cascade described above is resolved in most patients 
through neural and humoral mechanisms, elderly patients and those with lower edu-
cation levels are more prone to the non-resolution of this process leading to long- 
term postoperative neurocognitive disorder. Preoperative brain training and exercise 
demonstrate promising results. Future research should be aimed at defining patients 
at risk of perioperative neurocognitive disorders prior to surgery. With this informa-
tion, physicians can optimize perioperative patient care in order to promote the reso-
lution of neuroinflammation and so reduce the risk of development of postoperative 
neurocognitive disorders.
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34.1  Introduction

Over a decade ago, researchers published the first case of a patient who had been 
clinically unresponsive for years after traumatic brain injury (TBI) and demon-
strated command following using motor imagery paradigms visualized by func-
tional magnetic resonance imaging (fMRI) [1]. The term “cognitive motor 
dissociation” is gaining popularity to describe this scenario of an inability to behav-
iorally express preserved cognitive processes [2]. Alternative labels are covert or 
hidden consciousness and functional locked-in syndrome [3] (see Table 34.1). A 
flurry of subsequent studies using fMRI and functional electroencephalogram 
(fEEG) approaches explored the boundaries of human consciousness following 
brain injury. This growing body of knowledge is now being discussed in the lay 
press and is starting to affect clinical medicine, challenging the classical taxonomy 
of disorders of consciousness ([4] see Table 34.1). Until very recently, researchers 
have focused their attention on patients suffering from chronic disorders of con-
sciousness and have generated estimates of cognitive motor dissociation of around 
15% using convenience samples of these patients [5]. Detection of cognitive motor 
dissociation in the acute phase of brain injury may have prognostic significance as 
these patients are more likely to also recover behavioral command following and 
have better long-term functional outcomes.

Few data exist for the early phase after brain injury, such as in the intensive care 
unit (ICU) setting, when decisions regarding withdrawal of care are more fre-
quently made and prognostic information is needed. Detection of cognitive motor 
dissociation in the acute setting will face unique challenges including logistics, 
safety and ethical considerations but also offer great opportunities to affect man-
agement. Even though the exploration of consciousness in the acutely brain injured 
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Table 34.1 Definitions of common states of consciousness

Definition
Other terminologies similar or very 
close

Behaviorally defined states
Coma [4] State of unresponsiveness in 

which the patient lies with eyes 
closed and cannot be aroused to 
respond appropriately to stimuli 
even with vigorous stimulation 
(no eye opening or adapted 
motor response even to painful 
stimuli).

Coma-1a or 1ba (based on EEG 
compatibility [1a; e.g., slow 
unreactive predominant delta] or not 
[1b; e.g., reactive predominant 
alpha]). Some authors use a Glasgow 
coma scale cut-off (e.g., <8) but this 
is very misleading since this can 
include UWS or even MCS patients in 
whom the ascending reticular 
activating system (ARAS) is likely to 
be functional

Unresponsive 
wakefulness 
syndrome 
(UWS) [9]

State of unresponsiveness in 
which the patient shows 
spontaneous eye opening 
without any behavioral evidence 
of self or environmental 
awareness

Vegetative state (VS), coma vigil, 
apallic state, UWS/VS-2a or2ba (CMS 
excluded [2a] or not [2b] by 
functional MRI or EEG)

Minimally 
conscious state 
(MCS) [8]

State of severely impaired 
consciousness with minimal but 
definite behavioral evidence of 
self or environmental awareness
Distinction between MCS 
“minus” and “plus” has been 
proposed [3]
 •  MCS–minus: visual fixation/

pursuit or adapted motor 
reaction to pain

 •  MCS-plus: evidence of 
language processing (e.g., 
command following, 
verbalization...)

Cortically Mediated Statea (CMS, in 
that case CMS-3b as based on 
behavior alone).

Locked-in 
syndrome (LIS) [4]

State in which the patient is 
actually conscious but 
de-efferented, resulting in 
paralysis of all four limbs and 
the lower cranial nerves

De-efferented state, Conscious 
state-4ba

Conscious stateb [4] State of full awareness of the self 
and one’s relationship to the 
environment, evidenced by 
verbal or non-verbal (e.g., 
purposeful motor behavior) 
behavior

Exit-MCS (or EMCS) when the 
patient emerged from MCS, 
Conscious state-4ba

Brain functional imaging defined states (e.g., fMRI, fEEG, fNIRS, fPET, fMEG)
Higher-order 
cortex motor 
dissociation 
(HMD) [26]

Comatose, UWS or MCS-minus 
(clinically defined) patients that 
show association cortex 
responses to language stimuli

CMS-3aa
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patient is in its infancy, emerging data demonstrating cognitive motor dissociation 
in patients who are clinically unresponsive raise a number of questions. These 
questions can be organized around three overarching themes: technical, medical 
and ethical aspects.

34.2  Technical Considerations

34.2.1  How Can We Probe Consciousness in Unresponsive 
Patients?

34.2.1.1  Clinical Exam
Intensivists are used to probing the consciousness of brain injured patients during 
rounds using standard neurological examination techniques. The general principle 
of the clinical approach for assessment of consciousness is to probe behavior that is 
non-reflexive and can be considered as intentional. The most common items 
assessed are reactivity to sound and touch and, if necessary, responsiveness to noci-
ceptive stimuli: is the patient able to open his/her eyes, is he/she attentive or eventu-
ally tracking? Clinicians also use simple verbal commands such as “stick out your 
tongue” and “show me two fingers”. These commands are often combined with a 
visual cue of the expected response also known as ‘mimicking’. This is employed 
for patients to minimize the impact of acoustic (i.e., deafness) or speech perception 
problems (i.e., aphasia). This clinical assessment requires good neurological exami-
nation skills to minimize the risk of misinterpretation (e.g., motor responses as part 

Table 34.1 (continued)

Definition
Other terminologies similar or very 
close

Cognitive motor 
dissociation 
(CMD) [2]

Comatosec, UWS or MCS-minus 
clinically defined patients that 
show MRI or electrophysiologic 
evidence of command following

Functional locked-in syndrome,
Conscious state-4aa

Communicating- 
CMD (Com-CMD)

CMD defined patients able to 
communicate using a brain 
computer interface (BCI)

Conscious state-4aa

fMRI functional magnetic resonance imaging, fEEG functional electroencephalography, fNIRS 
function near-infrared spectroscopy, fPET functional positron emission tomography, fMEG func-
tional magnetoencephalography
aTerminology recently proposed by Naccache [50] ranging from 1 to 4 and, taking into account 
both behavioral (“b”) and brain functional imaging (“a”) evidence. Note that as a consequence, the 
Cortically Mediated State (CMS) and the Conscious state appear both in the behaviorally and the 
brain functional imaging sections of this table
bNote that as there is no consensus definition of consciousness yet, provided here is a pragmatic 
operational definition that would match the currently most commonly used definitions. It corre-
sponds to the access consciousness, using the subjective report criterion
cThe original description actually did not include the comatose state but was included here since 
the absence of eye opening cannot rule out the possibility of CMD
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of reflexive responses to pain are thought to be intentional). However, even when 
performed by experienced clinicians, non-standardized neurological examinations 
have a high error rate (estimated to be as high as 40% in the chronic setting [6]).

As a part of the neurological exam, many clinicians quantify impairment of con-
sciousness using the Glasgow Coma Scale (GCS). Even though this scale was origi-
nally developed to triage acute neurosurgical interventions for TBI patients and to 
assist prognostication, it may have some utility when applied for this purpose. 
However, the GCS is a very crude assessment of consciousness, especially when 
applied to tracheally intubated patients. The Full Outline of Unresponsiveness 
(FOUR) score may offer an alternative and has been rigorously validated [7]. Since 
the FOUR does not require verbal responses, it is more applicable for tracheally 
intubated patients. Probing visual tracking, it also allows a better detection of 
patients in minimally conscious and locked-in states (Table 34.2). Currently, the 
most widely accepted clinical scale designed for assessment of consciousness is the 
Coma Recovery Scale-Revised (CRS-R) [8]. This comprehensive scale is the gold 
standard in the field of consciousness research. CRS-R scoring ranges from 0 to 23 

Table 34.2 Approaches to assess consciousness

Principle(s) Pros/cons
Behavioral approaches
Glasgow Coma 
Scale (GCS)

Probing non-reflexive 
and/or intentional 
behavior, spontaneous or 
in response to 
stimulations (auditory, 
tactile or nociceptive)

• Most widely used
• Verbal response difficult to assess in 

intubated ICU patients
• Not designed to quantify 

consciousness
• No protocolized assessment of visual 

tracking
• Mimicking not assessed (aphasic or 

deaf patients categorized as 
unconscious)

• Sum score misleading
Full Outline of 
Unresponsiveness 
(FOUR)

• Designed for (intubated)  
ICU patients

• Includes assessment of visual 
tracking and brainstem reflexes

• Not designed to quantify 
consciousness

• Sum score misleading
Coma Recovery 
Scale-Revised 
(CRS-R)

• Specifically designed to assess 
consciousness

• Recommends the use of a mirror for 
visual tracking assessment

• Captures non-verbal command 
following

• Validated as research tool for 
consciousness assessment

• Time consuming application
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according to the presence or the absence of behavioral responses on a set of hierar-
chically ordered items testing auditory, visual, motor, oromotor, communication 
and arousal function. State of consciousness is determined by specific key behaviors 
(and not the total score) probed during the CRS-R assessment. For example, visual 
pursuit, reproducible movements to command and/or complex motor behavior 
scores distinguish minimally conscious state from the unresponsive wakefulness 

Table 34.2 (continued)

Principle(s) Pros/cons
Brain physiologic measures tested at rest
 •  Pro: no patient participation required
 •  Con: conscious thought not directly assessed: use of surrogate biomarkers compared to a 

database of (usually clinically) labeled patients, more assumptions needed in interpretation of 
physiologic responses

FDG-PET Cerebral metabolism • Provides insights into spatial 
distribution of physiologic changes

• Risks related to patient transport
• Expensive

Multivariate EEG 
classification

Spontaneous electrical 
activity analyzed by 
spectral, complexity and/
or connectivity measures

• Bedside procedure
• Convenient for repeat assessments
• Need a large dataset for training of 

classifier
Resting state MRI Cerebral perfusion, 

Functional connectivity
• Controversial statistical processing 

required
• Impact of large structural lesions
• Risks and costs related to patient 

transport
TMS-EEG PCI Dynamics and complexity 

of brain activity in 
response to magnetic 
brain stimulation

• Challenging but not impossible to 
perform at bedside (number of 
electrodes, neuro- navigation, TMS 
machine)

• Expensive
Brain physiologic measures tested with active paradigms
 •  Pro: conscious thought directly assessed, less assumptions needed in interpretation of 

physiologic responses
 •  Con: need a functional sensory pathway and relatively preserved cognitive functions (e.g., 

language, memory, executive functions, etc.) in addition to consciousness to complete the 
active paradigm instructions; patient participation required

Local-Global Electrical correlates of 
conscious processing of 
sounds

• Bedside procedure
• Convenient for repetitive assessments

Mental imagery 
fMRI paradigm

Blood flow changes in 
response to neuronal 
activation

• Allows analysis of the spatial 
activation pattern

• Risks related to patient transport
• Expensive

Motor imagery 
EEG paradigm

Electrical activity in 
response to neuronal 
activation

• Bedside procedure
• Convenient for repetitive assessments

FDG-PET fluorodeoxyglucose position emission tomography, PCI perturbational complexity 
index, TMS transcranial magnetic stimulation, EEG electroencephalography, (f)MRI (functional) 
magnetic resonance imaging, ICU intensive care unit
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syndrome [9], also called vegetative state (see Table 34.1). However, application of 
the CRS-R in the ICU can be challenging since assessments of patients may at times 
require up to 45 min of examination. Another issue is that patients can fluctuate so 
exams need to be repeated several times before drawing any conclusions. All 
 behavioral scales may incorrectly classify aphasic patients as unconscious but the 
FOUR score and CRS-R include assessments using visual cues, which may detect 
signs of awareness in aphasic patients.

34.2.1.2  Assessing Biomarkers That Correlate with Level  
of Consciousness

The fundamental concept of this approach is based on using neurophysiologic cor-
relates of brain activity as surrogates for levels of consciousness. Such markers 
include measures of brain metabolism, blood flow and electrical activity. These 
measures are assessed in a resting condition and correlated with current or future 
behavioral states. Comparisons are made of the obtained measures in patients 
appearing unconscious and healthy volunteers. Brain metabolism evaluated using 
18F-fluorodeoxyglucose (FDG) position emission tomography (PET)-scans showed 
that hypometabolism in frontal and parietal cortices is seen in unresponsive wake-
fulness syndrome [10]. More generally, consciousness seems to vanish when brain 
metabolism drops below normal activity. Similar approaches have been developed 
using MRI arterial spin labelling sequences [11].

EEG can, amongst other approaches, be analyzed by decomposing it into spectral 
patterns, and quantifying complexity and connectivity. Spectral analysis is based on 
a Fourier transformation and provides information on the power distribution within 
the respective frequency bands (typically in the δ, θ, α, β and γ bands). Complexity 
of the EEG can be assessed by entropy measures (e.g., spectral entropy, K complex-
ity, or permutation entropy). Functional connectivity between distant electrodes can 
be assessed using the spectral dimension (e.g., the debiased weighed phase lag index 
[wdPLI]) or information theoretical approaches (e.g., the weighed symbolic mutual 
information [wSMI]) [12, 13]. Similar methodologies assessing cortical functional 
connectivity have been developed using fMRI [14]. Candidate EEG features can then 
be used to train on an existing dataset of patients with known level of consciousness 
using a multivariate classifier to evaluate the EEG of a new patient [15].

Among these techniques, markers derived from resting state EEG seem to be the 
most promising in the ICU as imaging tests cannot be easily repeated and transport- 
related risks need to be considered for these sick patients. One study found a cor-
relation between these EEG features (associating spectral, complexity and 
connectivity measures) and level of consciousness in ICU patients [16]. It is worth 
noting that the success of any multivariate classification approaches not only relies 
on the feature’s selection and the quality of the EEG processing but also largely on 
the quality of the labels provided to the algorithm as a training set. So far, these 
labels are usually based on behavioral assessments with obvious limitations.

34.2.1.3  Detecting Correlates of Conscious Processing
Another approach to probe consciousness in unresponsive patients derives from 
neuroscientific and neuropsychological studies that have proposed physiological 
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signatures of conscious processing in response to a given stimulus. One of these 
techniques focused on a late component of the evoked potential called P300 (it 
derives its name from the fact that it appears as a positive voltage around 300 ms 
following a stimulus). One of the most studied paradigms using this phenomenon in 
consciousness research is called the “Local-Global” paradigm [17]. Schematically 
this paradigm consists of delivering a subject sequences of sounds that embed two 
levels of auditory regularity, respectively at a local (within trial) and at a global 
(across trials) time scale. Whereas detection of local regularity can occur without 
awareness, detection of global regularity is highly correlated with access conscious-
ness [17] (see [18] for a recent review).

A more recent approach that is at the boundaries between the two approaches 
described above (i.e., assessing biomarkers that correlate with the level of con-
sciousness as well as detecting correlates of conscious processing itself) consists of 
measuring the complexity of brain responses to a direct stimulation of the brain 
using transcranial magnetic (TMS) pulses directly delivered to the parietal cortex. 
Using a specially designed EEG measure called perturbational complexity index, it 
is possible to estimate one’s level of consciousness with great accuracy in different 
settings (i.e., sleep, anesthesia and following brain injury) [19, 20]. This measure 
summarizes the complexity of the response as well as the functional connectivity in 
its temporal dynamic dimension. This technique paved the way for alternative 
 interpretations of late evoked brain responses (e.g., the N70) to sensory stimulations 
observed during the acquisition of somatosensory evoked potentials (SSEP). These 
brain responses have been associated with prognosis of comatose patients but 
 clinical application has been primarily limited due to a much larger degree of vari-
ability when compared to early components of evoked potentials (i.e., the N20 of 
the SSEP) [21]. Revisiting the neuro-correlates of these late  components that follow 
the classical N20 using new computational measures that quantify  connectivity 
(e.g., wdPLI, wSMI), complexity measures (e.g., permutation entropy) or the per-
turbational complexity index may provide innovative approaches at the bedside in 
the ICU to quantify measures that not only correlate with the current state but with 
future recovery of consciousness.

34.2.1.4  Detecting Correlates of Command Following
Measuring physiologic changes to verbal commands allows the investigator to iden-
tify the state of cognitive motor dissociation. This approach has been the first to 
reliably demonstrate the existence of covert consciousness in patients that clinically 
meet the criteria of unresponsive wakefulness syndrome [1]. Using fMRI, it is pos-
sible to detect whether a patient is able to follow a simple verbal command (e.g., 
“imagine playing tennis” vs “imagine visiting your home”) by comparing the elic-
ited blood oxygen level dependent (BOLD) imaging signal changes in an unrespon-
sive appearing patient to those seen in a group of healthy volunteers. The first large 
study suggested that 10% of patients with unresponsive wakefulness syndrome are 
able to reliably do this [22], a state later termed cognitive motor dissociation [2]. 
Subsequently, the feasibility of using fEEG paradigms to detect cognitive motor 
dissociation in unresponsive patients was demonstrated by several teams using a 
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motor imagery EEG paradigm at the bedside [23–27]. Patients with cognitive motor 
dissociation should be distinguished from patients who are able to process language 
stimuli (using EEG or fMRI) but without evidence of conscious processing (coined 
high-order cortex motor dissociation [HMD] [26], see Table 34.1).

34.2.2  Pitfalls and Caveats of these Techniques in the ICU

34.2.2.1  Technical Aspects
Limitations of the clinical examination for assessing consciousness have been dis-
cussed extensively above. Imaging techniques allow spatial assessments of physical 
properties of interest (e.g., metabolism, blood flow) but for the purposes of studying 
ICU patients with impaired consciousness also have limitations in the real world. 
MRI and PET-scans both require transportation of the patient to the scanner, which 
potentially exposes patients to multiple risks (e.g., inferior monitoring, non-optimal 
environment in case of emergency, risk of accidental dislodging of tubes and cath-
eters). To safely acquire MRI scans, sedation and paralytics may be required. 
Probing for correlates of consciousness under sedation is suboptimal. PET-scans are 
less problematic since the tracer can be administered just before the scan and the 
imaging can then be acquired under sedation. However, even for PET scans, trans-
port will be necessary with all of the above outlined risks. Logistical challenges 
created include the additional personnel required to safely transport patients (e.g., 
nurse, physician, respiratory technician, MRI technician).

Among all the available techniques, EEG based approaches have enormous 
advantages in the ICU setting. EEG can be acquired at the bedside within the safe 
ICU environment. Associated costs for these tests will depend on local reimburse-
ment and healthcare structures. Regardless, imaging tests like MRI or PET scans 
will likely be much more expensive in most health care systems when compared to 
EEG or evoked potentials. Additionally, EEG can be repeated many times per day, 
which is a huge advantage as consciousness is not a static phenomenon but may 
fluctuate throughout the day (see discussion about clinical limitations above). 
Assessments before and after interventions, for example, the administration of a 
medication, are more easily facilitated if repeat testing is easily available. Challenges 
unique to EEG assessments include electrical noise, which is very prevalent in the 
ICU environment, and artifacts created by involuntary movements such as myoclo-
nus, respiratory artifact, and coughing. Seizures and other epileptiform patterns are 
additional major confounders to detect clear signatures of consciousness on the 
EEG. EEG leads may, in the hectic ICU environment, be removed to allow emer-
gent head CT scans to be obtained to evaluate neurological changes, and placement 
of EEG leads may be limited by surgical wounds or bandages.

Mental imagery tasks are used both for fMRI and fEEG and are essentially very 
similar. These probe command following mostly to verbal commands and are fun-
damentally extensions of the neurological examination. Typically, patients are asked 
to perform (or to imagine) a motor movement that is thought to elicit a consistent 
BOLD or EEG signal change to be detected by fMRI or EEG, respectively. Major 
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limitations are that patients need to be able to understand the command (challenging 
in patients that speak a different language, are deaf or aphasic), are interested in 
participating (challenging in patients with poor attention, abulia, delirium or in 
pain), and can keep the command in their working memory long enough to perform 
the task and to allow the classifier to detect the different brain activities (challenging 
in patients with advanced dementia). Importantly, both with fMRI and fEEG, 
patients can be identified that are conscious but for the reasons outlined above, con-
sciousness cannot be ruled out for any of the patients that are classified as 
unconscious.

34.2.2.2  Confounding Factors
Among the major confounding factors for the assessment of consciousness in the 
ICU setting, the following take a central role: sedation and delirium. Determining 
the exact level of consciousness is usually not a major concern for the clinician 
treating deeply sedated patients (e.g., those receiving treatment of refractory sta-
tus epilepticus or intracranial hypertension). Medications used in this context 
include those used for general anesthesia. On the other hand, in patients who 
receive lower doses of sedation, assessments of consciousness can be very chal-
lenging. However, pharmacodynamics and pharmacokinetics are altered in deeply 
sedated patients in the ICU receiving prolonged courses of sedatives. Inferring 
absence of consciousness from the absence of responsiveness may lead to the 
erroneous assumption of unconsciousness in sedated patients as recently demon-
strated in a study revealing that conscious experiences may occur under propofol-
induced unresponsiveness [28].

Another caveat is the high prevalence (30%) of delirium in the ICU [29]. 
Although it is relatively easy to diagnose the classical form of delirium and to dem-
onstrate consciousness (even though in an altered form), the commonly coined 
‘hypoactive delirium’ that can represent half of the delirium can be more difficult to 
identify [30]. Delirious patients usually have attention deficit that could hamper the 
focus required for the detection of signature of conscious processing of a stimulus 
(e.g., the Local-Global paradigm) or the sustained attempt to follow verbal 
commands.

34.2.3  What Are We Detecting Exactly?

Applying the above introduced techniques, three different kinds of signals as sur-
rogates of covert consciousness can be detected in an unresponsive ICU patient: (1) 
a physiological biomarker that correlates with level of consciousness at the group 
level (e.g., FDG-PET scan measure of global brain metabolism or multivariate anal-
ysis of EEG features [perturbational complexity index]); (2) a correlate of conscious 
processing of a given stimulus at the individual level (e.g., the P3b using the Local- 
Global paradigm, perturbational complexity index); and (3) appropriate and sus-
tainable brain activities in response to verbal commands at the individual level (e.g., 
using the motor imagery EEG paradigm). We propose that the last category 
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represents at this point the most direct and convincing evidence of covert conscious-
ness that has been termed cognitive motor dissociation. Indeed, physiologic bio-
markers that correlate with consciousness have been developed on models trained 
on large datasets using clinical labels. Consequently, the confidence of how accu-
rately a given patient is classified using these approaches mainly relies on the qual-
ity of the labels used in the training set. These labels are derived from clinical 
examinations which we know are imprecise. The relevance of neural correlates of 
conscious processing such as the P3b are still debated. In addition, evidence of con-
scious processing of simple stimuli does not imply the existence of conscious pro-
cessing of more complex mental contents. Following commands revealed by fMRI 
or fEEG appears as the strongest evidence since it usually relies on statistics per-
formed at the patient level (using for instance machine learning and permutation 
test).

34.3  Medical Considerations

34.3.1  Prognostication and Medical Decision Making

Prognostication in the acutely unconscious patient is one of the most challenging 
problems that intensivists face when taking care of brain injured patients. 
Determining goals of care is paramount in a setting where survival can mostly be 
provided but may not be desirable if the quality of survival is clearly against the 
patient’s pre-stated wishes. Actual and predicted recovery of consciousness are 
major factors that physicians and families take into account when deciding about 
goals of care. Prognostication is frequently inaccurate but clinicians usually take 
into account the clinical examination, structural neuroimaging, biomarkers and 
electrophysiological testing. In addition, they need to consider the dynamic nature 
of the brain injury as well as potential confounding factors, such as sedation, meta-
bolic derangement, and or mental disturbance (e.g., delirium). The premorbid con-
dition and age of the patient play a role for most conditions. Disease specific 
prognosis markers can help predict long-term functional outcome (usually 
6–12 months) [31] but uncertainty usually remains and clinicians should be aware 
of the risks of ‘flawed reasoning’ given the high degree of complexity that may 
occur as a result of cognitive biases [32].

Caution is warranted therefore against any studies that further add to the degree 
of complexity in assessing these patients. However, the existence of cognitive motor 
dissociation during the acute stage of brain injury, if confirmed, will likely dramati-
cally change the assessment of prognostication of these patients. The recently pub-
lished guidelines by the American Academy of Neurology for the management of 
patients suffering from chronic disorders of consciousness may serve as an indicator 
for what may occur for acutely brain injured patients. These guidelines underline 
the possibility of improvement for unresponsive patients months following acute 
brain injury and, accordingly, urge to replace the term ‘permanent’ vegetative state 
by ‘chronic’ vegetative state (or unresponsive wakefulness syndrome) [6]. The 
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acknowledgement of this high degree of uncertainty at the subacute stage of acute 
brain injury, and usually with fewer data than in the chronic setting, should be 
remembered when elaborating a poor prognosis based on limited data a few days 
after acute brain injury.

34.3.2  Pain Management

Considering that 15–40% [5, 26, 27] of unresponsive patients might be actually 
conscious and able to experience pain without any way to express suffering, care-
givers need to consider pain medications whenever a medical condition is bound to 
generate nociceptive inputs. Invasive procedures in unconscious appearing patients 
should be performed using the same analgo-sedative management approach as in an 
awake, communicative patients.

34.3.3  Recovery of Communication Abilities

A common challenge for patients in the ICU is their inability to consistently and 
effectively communicate their most fundamental physical needs [33]. Conscious 
patients in the ICU commonly suffer from unrecognized pain, discomfort, feelings of 
loss of control and insecurity, depersonalization, anxiety, sleep disturbances, fear and 
frustration [34]. The primary means of communication for these patients is the use of 
non-vocal techniques, such as lip reading and gestures; however these methods are 
often inadequate for effective communication [35]. In addition, the recent descrip-
tion of cognitive motor dissociation during the acute phase of brain injury increases 
the potential number of patients in a situation of inefficient communication [26].

Brain-computer interface (BCI) systems have recently generated interest as a 
method to facilitate contact with the ICU patients. BCIs translate the patient’s cere-
bral electrical activity, typically recorded by EEG, into computer commands bypass-
ing other body functions (Fig. 34.1). Although a variety of BCI systems have been 
proposed for rehabilitation purposes [36, 37], the number of BCIs, assisting with 
communication of the typical physical and emotional needs of the critically ill, 
remains significantly limited [38, 39].

The main restriction for practical application of BCI systems in the ICU is lack 
of reliability due to the considerable number of distractions, possible extinction of 
goal-directed thinking, deterioration of patient attention control, etc. Another spe-
cific challenge includes eyelid apraxia or other visual impairments that preclude the 
use of classical visual cues. In addition, owing to extended bedrest and skin break-
down, and pain medication, the tactile input channel is also sometimes impaired. 
Auditory cues allow only very limited information to be transferred, like simple 
questions or commands. Moreover, many training sessions could be required to 
teach patients to use BCI technology which will be challenging with distracted 
patients in pain and evolving medical conditions. Therefore, current BCIs in the 
ICU focus on quick and reliable signaling (e.g., ‘yes’/‘no’ binary signals [38, 39] or 
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steady-state visual evoked potential (SSVEP) based communication [38, 39]) rather 
than spelling of words or sentences.

Despite the limitations, BCI technology has the potential to significantly increase 
patient autonomy allowing more efficient pain management as well as better inter-
action with the external environment (e.g., bed position, call button, lights, televi-
sion, etc.). Portable EEG-based BCI has been used in one study for the detection of 
consciousness [40]. It uses Pavlovian semantic conditioning to discriminate between 
cognitive ‘yes’ and ‘no’ responses. However, it demonstrated reliable level of per-
formance only for offline classifiers in one out of three locked-in state patients.

To improve the reliability of BCI systems, utilization of hybrid BCIs, combining 
either sequential or simultaneous integration of different data sources, has been pro-
posed [41]. In hybrid BCIs, EEG data could be complemented with other brain as 
well as non-brain modalities, such as functional near infrared spectroscopy (fNIRS), 
electrooculography (EOG), and electromyography (EMG), heart rate, hemody-
namic response, etc. [42]. Due to their advanced reliability, hybrid BCIs could be 
especially efficient for ICU application.

Despite the drawbacks of current BCI systems, their main advantage is the 
potential for instant data processing. Moreover, computationally efficient methods 
proposed for robust treatment and adaptive modeling of complex data streams in 
real-time [43], allow implementation of BCIs into a personal computer or even tab-
let for easy installation in the ICU.  Fast feedback of the real-time BCI systems 
simplifies the training process for patients and enables the medical staff to respond 
more rapidly to the time-sensitive needs of the patients.
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Signal
processing

Feature
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Fig. 34.1 Brain-computer interface systems. Brain-computer interface systems use state-of-the- art 
machine learning methods to decode brain activity. A brain-computer interface system is realized 
using several components: (1) brain signal activity acquisition: electroencephalogram (EEG), elec-
trocorticography (ECoG), functional magnetic resonance imaging (fMRI), functional near- infrared 
spectroscopy (fNIRS), etc.; (2) signal processing: band-pass filtering, outlier removal, artifact correc-
tion, normalization, etc.; (3) feature extraction: gain task-relevant information from acquired data; (4) 
classification/regression: decode the intended action of the subject by applying machine learning 
methods; (5) control commands to external devices: screen, wheelchair, exoskeleton, etc.; (6) feed-
back: the subject receives feedback about how well he/she performed in a certain training task
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The proportion of patients with cognitive motor dissociation who would be able 
to use a BCI to communicate (that could be called “communicating cognitive motor 
dissociation” [Table 34.1]) remains to be determined. According to the obstacles 
described above, we can hypothesize that only cognitive motor dissociation patients 
with preserved high cognition capacities (language, memory, executive function, 
etc.) will be able to use a BCI. However, it is worth noting that these devices would 
also benefit a larger disabled patient population, such as lock-in syndrome, hemiple-
gic or paraplegic patients.

34.4  Ethical Considerations

Currently, the majority of brain injured patients who die in the ICU do so as a direct 
consequence of withdrawal of life-sustaining therapies [44]. Lack of consciousness 
has a major impact on medical decision making, particularly withdrawal of life- 
sustaining therapies. Indeed, many prognostication tools (e.g., following cardiac 
arrest, intracranial hemorrhage, subarachnoid hemorrhage) attribute a huge weight 
on the level of consciousness (usually crudely assessed by the GCS). From that 
perspective, the use of the most accurate technique to detect consciousness and 
capture cognitive motor dissociation needs to be a major focus of our efforts. 
Consciousness is an irreducible component of personhood and a central tenet of the 
Belmont Report [45].

Decisions to withdraw life-sustaining therapies are frequently made within 
the first weeks following brain injury, frequently within hours or days of the 
injury. Increasingly, however, studies show that delayed recovery is more com-
mon than previously thought. Consciousness is not systematically quantified to 
improve prognostic tools. Concerns relative to these failures of our moral obli-
gations to probe residual consciousness and to elaborate a prognosis as precise 
as possible have been raised to reduce our ‘neglect’ [46]. In that context, recent 
recommendations by an association of British critical care medical societies to 
(1) extend the observation time window; (2) use multiple exploration tech-
niques; and (3) consider the involvement of a “neuroscience team” are a step in 
the right direction [31]. These recommendations should be put to test in cost-
effectiveness studies and undergo open public debate. Caregivers are torn 
between on the one hand providing the highest level of care (which includes 
providing sufficient time to achieve a reliable prognosis) and on the other hand 
to guarantee equity by providing as many patients as possible access to the 
scarce resource of a highly specialized critical care unit (constraints of limited 
resources). The question of how much money a given society is willing to invest 
in order to maximize chances of recovery should be openly discussed consider-
ing the number of patients that could benefit from this service. Societal burden 
of potential long-term survival with disability also needs to be considered. To 
date these considerations are unfortunately handled locally by caregivers and 
are at the roots of a great variability in practice and differences in provided level 
of care.
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34.4.1  Ethical Aspects Raised By Covert Consciousness in the ICU

The potential existence of covert consciousness in unresponsive patients in the ICU 
raises many concerns. For example, considering the pain management discussed 
above, one might want to preserve any suffering or pain and administer sedatives 
and pain killers whenever a doubt exists [45]. On the other hand, one might want to 
preserve covert consciousness in order to maximize the chances of detection to sup-
port prognostication and possibly provide a communication channel with these 
patients in the future. This dilemma has been known for years by clinicians assess-
ing consciousness using fMRI of EEG on a regular basis.

34.5  Conclusion

Forty-five years ago, Jennet and Plum acknowledged that the absence of behavioral 
evidence of awareness could erroneously suggest the absence of consciousness (“it 
seems that there is wakefulness without awareness”), stating that there is no “reli-
able alternative available to the doctor at the bedside, which is where decisions have 
to be made” [47]. This visionary prediction is now reality. Given the available data 
it is clear that behavioral criteria alone are not sufficient to accurately define con-
sciousness states and it is no wonder that recent discoveries on consciousness disor-
ders have led to revisiting of the taxonomy of patients with disorders of consciousness 
[48–50]. For example, recent debate has emphasized the lack of homogeneity of the 
minimally conscious state (minimally conscious state minus/plus dichotomy [3]) 
category and even challenged assumptions of the nature of consciousness in mini-
mally conscious state (proposing to replace this term by cortically mediated state, to 
avoid any inference from a patient’s subjectivity) [50]. Increasing diagnostic preci-
sion is bound to increase prognostic accuracy and will hopefully lead to tailored 
therapeutic interventions. The intensivist needs to stay in tune with this rapidly 
evolving area that tackles some of the most complex neuroscientific concepts (i.e., 
consciousness, neuro-prognosis, neuro-repair), cutting edge technologies (advanced 
brain imagery and signal processing) and fundamental ethical questions (autonomy, 
equity, quality of life and life or death decisions).
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35From Influenza-Induced Acute Lung 
Injury to Multiorgan Failure

B. M. Tang, T. Cootes, and A. S. McLean

35.1  Introduction

Influenza viruses are among the most common causes of human respiratory 
infection, causing high morbidity and mortality. In the United States, influenza 
results in approximately 200,000 hospitalizations and 36,000 deaths during a 
seasonal epidemic [1]. During a pandemic, up to 50% of the population can be 
infected by influenza, increasing the number of deaths [2]. In 1918, the worst 
influenza pandemic recorded in history caused up to 50 million deaths world-
wide, with elderly, infants, and people with underlying illness having the highest 
risk of fatality [3].

The modes of death in severe influenza patients are well recognized. They range 
from hypoxic respiratory failure to multiorgan failure. However, it remains unclear 
which host factors drive these processes. A better understanding of the host factors 
associated with severe disease is clinically important; it may help discover patho-
genic pathways that determine disease progression and enable researchers to iden-
tify new therapeutic targets. Identifying new therapeutic targets is particularly 
important given that currently available antiviral therapy (e.g., neuraminidase inhib-
itors) has limited efficacy in reducing influenza-related fatality. Therefore, 
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delineating influenza-related host factors is a critical first step in improving patient 
outcome in influenza infection. Here, we examine the host factors underpinning 
both innate and adaptive immune response to influenza virus (Box 35.1).

35.2  Innate Immune Response

The innate response is critical for early protection against influenza virus and plays 
a key role in the induction and regulation of adaptive immune response. Innate 
immunity provides a vital bridge between first exposure of the naïve host and sub-
sequent elaboration of specific antibody and T-cell responses, which is extremely 
important for clearing virus. Viral RNA is recognized through a variety of pattern 
recognition receptors (PRRs), including Toll-like receptor (TLR)3, TLR7, TLR8, 
retinoic acid-inducible gene I (RIG)-I and nucleotide-binding domain-like receptor 
protein (NLRP)3. Once viral RNA is recognized by PRRs, pro-inflammatory cyto-
kines are secreted, such as type I interferons (IFNs), which induce an antiviral state 
in neighboring cells. Cytokine secretion leads to the recruitment of innate immune 
cells, which instruct the adaptive immune response for specific killing of influenza- 
infected cells [4].

Neutrophils are the first wave of recruited immune cells that respond to influ-
enza virus infection; they provide critical protection by acting to limit viral 

Box 35.1: Innate and Adaptive Immune Responses in Influenza Infection

Innate immune response Adaptive immune response
Alveolar macrophages—resident local 
immune cells in lung; early contact with 
influenza virus; initiate phagocytosis 
and antigen presentation of influenza 
virus to activate other immune cells.

B cells—produce influenza virus-specific 
antibodies in a CD4 T-cell-dependent 
manner; important in humoral response to 
influenza virus infection; important for 
vaccine development.

Neutrophils—first wave of recruited 
immune cells to lung; critical in antiviral 
response; also aid activation of CD8 T 
cells. However, can exacerbate tissue 
inflammation in infected lung.

Cytotoxic CD8 T cells—major driver of the 
cellular response; enable killing of influenza 
virus and elimination of virally infected host 
cells; critical for viral clearance and 
resolution of infection.

Monocytes—influx elicits potent 
inflammatory cascade; also aid the 
activation of CD8 T cells.

Memory CD8 T cells—initiate the recall 
response to secondary infection; thus, very 
important for vaccine development.

Natural killer cells—kill influenza-
infected host cells; important not only 
for innate immune response but also for 
initiating adaptive immune response.

CD4 T cells—augment CD8 and B-cell 
response to influenza infection; also, have 
their own antiviral effects that are 
independent of CD8 and B-cell activity.

Dendritic cells—cross-present influenza 
virus antigens or peptides to CD4 and 
CD8 T cells; also potent producer of 
antiviral molecules such as interferons.

Regulatory T cells (Treg)—highly 
suppressive to CD4 and CD8 effector cells; 
usually required for initiating resolution of 
the immune response after infection.
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replication [5, 6]. Some studies have suggested that neutrophils are mediators of 
immunopathology and mortality due to their excessive inflammatory response [7, 
8]. However, there is also evidence supporting the protective role neutrophils per-
form in influenza virus infection [4]. In particular, neutrophil-depleted mice had 
reduced virus elimination from the infected site over time [9]. Additionally, neutro-
phils have also been shown to be vital in sustaining effective CD8+ T-cell responses 
in the respiratory tract of influenza virus-infected mice, which is important for 
virus clearance [10].

Resident alveolar macrophages in lungs are involved in the first line of defense. 
In addition to phagocytosis of virions and virus-infected cells, alveolar macro-
phages contribute to recognition of the virus to present to the adaptive arm of the 
immune system [10]. Following recognition, alveolar macrophages produce an 
array of pro-inflammatory cytokines, including tumor necrosis factor (TNF)-α, 
interleukin (IL)-1, IL-6 and IFN-α/β, which further limit viral replication. In an 
animal study, mice depleted of alveolar macrophages had exacerbated disease 
severity, increased virus replication and a higher mortality when infected with influ-
enza virus [11].

Monocytes are one of the predominant cell types upregulated during influenza 
virus infection and consequently circulate in high numbers. During inflammation, 
the bone marrow receives signals from pro-inflammatory cytokines and TLR ligands 
to increase monocyte production. Respiratory epithelial cells secrete monocyte che-
moattractant protein (MCP)-1, which facilitates monocyte trafficking into the lungs 
[12]. Excessive numbers of monocytes drive immune pathology in severe influenza; 
however, by reducing recruitment of inflammatory monocytes to the lung, there is a 
decreased CD8+ T-cell response leading to compromised viral clearance [13]. 
Recruited monocytes also respond to influenza virus infection by differentiating 
into monocyte-derived macrophages and monocyte-derived dendritic cells [14].

Natural killer (NK) cells are granular lymphocytes that contribute to the control 
of viral replication and production of cytokines that modulate the immune response 
to influenza virus [15]. The contribution of NK cells to the antiviral immune 
response has been extensively studied in mouse models of viral infections, demon-
strating that NK cells not only contain viral replication by killing infected cells 
during earlier stages of infection, but also play a critical role during the develop-
ment of adaptive immunity [16]. Defects in NK cell activity result in delayed viral 
clearance and increased morbidity and mortality [15].

Dendritic cells are a critical component in early detection of viral infection and 
transfer of viral antigens to draining lymph nodes, bridging innate and adaptive 
immunity. The major function of dendritic cells during the antiviral response is to 
process and present viral antigenic peptides to antigen-specific CD8+ and CD4+ T 
cells to establish an adaptive immune response [17]. Dendritic cells mainly obtain 
viral proteins via ingestion of virus-infected cells, as few viruses directly infect 
dendritic cells. Following ingestion, viral particles are mainly presented on MHC 
class I molecules through a process known as cross-presentation. Cross-presentation 
is important as it enables dendritic cells to activate CD8+ T cells, which are required 
for viral clearance [18].
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35.3  Adaptive Immune Response

The cellular and humoral arms of adaptive immunity are both activated in response 
to influenza virus infection. The humoral arm of the adaptive immune response 
involves B cells, which secrete antibodies to effectively prevent infection by neu-
tralizing the virus [19]. B-cell responses to influenza infection are largely 
T-dependent, where maximal antiviral IgG responses rely on CD4+ T cells and their 
interaction with B cells [20].

The cellular arm of the adaptive immune response involves T cells, which are 
critical for viral clearance. Following dendritic cell presentation of viral antigens in 
the draining lymph nodes, naïve virus-specific T cells undergo a process of activa-
tion, proliferation and differentiation to become effector T cells that can migrate to 
the site of infection and mediate antiviral immune responses [21]. Infection with 
influenza virus induces differentiation of effector CD4+ and CD8+ T cells, however 
the contribution of CD4+ T cells to virus clearance is minor, compared to CD8+ T 
cells. In influenza infection, the primary role of CD4+ T cells involves supporting 
the activation and differentiation of B cells, leading to antibody production, and 
memory responses. Effector CD8+ T cells are major players in viral clearance and 
are essential for elimination of infected cells [22]. CD8+ effector T cells mediate 
viral clearance through three distinct mechanisms. First, CD8+ T cells can induce 
lysis of infected cells through exocytosis of perforin and granzyme containing gran-
ules. Second, CD8+ T cells can trigger TNF receptor (TNFR) family-dependent 
apoptosis in infected or stressed cells through either Fas ligand or TNF-related 
apoptosis-inducing ligand (TRAIL). Third, when encountered with virus-infected 
cells, CD8+ T cells can produce pro-inflammatory mediators, such as IFN-γ, which 
is important for viral clearance [21].

35.4  Which Host Factor Is Most Directly Linked to Influenza 
Fatality?

The preceding sections demonstrate that a myriad of host factors is involved in 
mounting an immune response to influenza virus. A key question is, among these 
host factors identified, which host factor is primarily responsible for influencing 
disease progression? Several studies have addressed this question. A study by 
Brandes et al. evaluated all the common host factors implicated in influenza patho-
genesis [7]. From this evaluation, the authors discovered that a neutrophil-driven 
response was the most dominant host factor in disease progression. Notably, the 
authors identified a neutrophil-driven inflammatory loop that could directly amplify 
tissue damage and exacerbate inflammation. Thus, the authors concluded that exces-
sive neutrophil activation was the main host factor associated with poor outcome in 
influenza infection.

Another recent study provides further insight into the mechanism underpinning 
the neutrophil-driven response in severe influenza. In their study, Narasaraju et al. 
[8] examined neutrophil influx into the infected lung after influenza infection. Their 
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findings confirmed that neutrophils were primarily responsible for causing immu-
nopathology, lung inflammation and subsequently the development of acute respira-
tory distress syndrome (ARDS). Importantly, the authors further discovered that 
neutrophil extracellular trap (NET) formation correlated with tissue damage. By 
examining lung histopathology and NET activity, they found that NETs directly 
caused tissue damage to alveoli, epithelium and the vascular structure in the infected 
lung. Thus, this study provides strong etiological evidence that aberrant or excessive 
neutrophil response was the dominant causative factor in severe influenza.

An important caveat of the above studies is that they were mostly performed in 
animal models. Thus, it was uncertain whether the mechanistic findings obtained 
from these studies could be applied to infected humans. Two recent human studies 
have been performed to address this issue. A study by Dunning et al. examined the 
host response profile in 131 influenza infected humans (with either H1N1 or H3N2 
influenza virus). The patient cohort include those with mild infection (n = 47), mod-
erate infection (n = 34) and severe infection (n = 28) [23]. The findings of this study 
confirmed previous animal studies; they showed that neutrophil response was the 
primary host factor in determining the course of illness. Indeed, an excessive neu-
trophil response was consistently found in most patients with severe disease. 
Another study by Guan et al. investigated the host response profile of severe influ-
enza infection, using a small case-series of patients with severe H7N9 infection 
[24]. This study also identified neutrophil response as the most critical factor in 
severe disease. Collectively, these human studies confirm findings from previous 
animal studies and pinpoint an aberrant neutrophil response as the main cause of 
disease progression in influenza infection.

35.5  How Does Influenza Virus Interact with Host Factors?

Influenza virus likely interacts with systemic host factors (e.g., circulating neutro-
phils) during the course of infection. Unravelling this interaction is key to under-
standing influenza pathogenesis and, in particular, to exploring the mechanism by 
which influenza infection evolves from lung inflammation to multiorgan failure. 
Most influenza infection begins in airway and the infection spreads locally to other 
parts of the lung. The mechanism by which the virus interacts with local immune 
cells is well studied and much of the molecular/cellular details have already been 
elucidated. By contrast, the mechanism by which influenza virus interacts with host 
factors outside the lung, such as circulating immune cells, remains relatively 
unknown. This is largely due to the established dogma that influenza virus does not 
circulate outside the lung and, by extension, influenza virus is not expected to inter-
act with circulating immune cells (e.g., neutrophils). This ‘lung-centric’ paradigm 
has recently been challenged by new evidence. Several studies showed that influenza 
virus can indeed be carried by immune cells from lung to non-lung tissues [25–27]. 
These ‘virus carrying’ immune cells include professional antigen presenting cells 
such as monocytes, macrophage and dendritic cells [28–30]. These cells pick up 
influenza virus RNA during their encountering and processing of virus infected cells 
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(e.g., epithelium) in the early phase of infection (Fig. 35.1). After processing of dead/
infected cells, these cells carry influenza virus RNA within them, migrate towards 
local draining lymph nodes and subsequently into the systemic circulation.

The influenza virus RNA carried inside these ‘carrier’ immune cells consists 
mostly of fragments of the virus RNA (which cannot infect other cells) and a few 
replicating whole RNA virions (which can infect other cells). Collectively, these 
RNA molecules are known as the ‘influenza virus transcriptome’ (Fig.  35.1). 
Steuerman et al. recently successfully measured the influenza virus transcriptome in 
infected lung tissues (e.g., epithelium and endothelium) and circulating immune 
cells (e.g., monocytes, T cells, B cells and NK cells) [31]. Their findings provide 
strong support to the notion that the influenza virus transcriptome is transported by 
‘carrier’ immune cells (e.g., macrophages or dendritic cells) within the systematic 
circulation, thereby enabling the dissemination of influenza virus transcriptome 
loads to distant organs [28, 32].

35.6  Influenza Virus Transcriptome Triggers a Systemic 
Inflammatory Response

The influenza virus transcriptome can be cross-presented by ‘carrier’ immune cells to 
circulating neutrophils (Fig. 35.2). Neutrophils are recruited to the infected tissue as 
part of the host response to influenza virus. These cells traffic from the systemic circu-
lation towards the lung, as guided by released of chemoattractants from infected tissue. 
During this migration, neutrophils encounter ‘carrier’ immune cells in the systemic 
circulation, in transit towards the lung or after they have arrived within the infected 

Inside infected alveoli

Antigen presenting cells
containing influenza RNA

Various forms of influenza virus RNA
(from RNA fragments to whole virion)
found inside antigen presenting cells

Fig. 35.1 Dissemination of influenza virus from infected lung tissue. Left side: antigen present-
ing cells carry influenza virus RNA; these ‘carrier cells’ disseminate influenza RNA from within 
infected airway/alveoli to outside the lung. Right side: the influenza RNA is carried inside antigen 
presenting cells in various forms, including (from left to right) (1) a short influenza RNA segment, 
(2) an intact full influenza RNA segment, (3) a non-replicating whole influenza virus, or (4) a 
whole influenza virus that is actively replicating and infecting other host cells
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lung. This encounter triggers a release of a massive amount of NETs (Fig. 35.2). NETs 
consist of a cellular ‘debris’ of nuclear contents (histones and DNA fibers) externalized 
by activated neutrophils in response to bacterial or viral infection.

Although NET formation is an evolutionarily conserved response to microbes, 
excessive NET release in the infected lung leads to endothelial damage, thrombosis, 
worsening inflammation. In a recent study, Narasaraju et al. showed that the exces-
sive release of NET in infected lung exacerbated lung inflammation and directly 
caused the development of acute lung injury [8].

35.7  From Acute Lung Injury to Multiorgan Failure

It is clear, from the review above, that lung injury in influenza infection is partly a 
direct result of the cytopathic effects on host cells (e.g., epithelium or alveoli) by influ-
enza virus and partly an indirect result of a dysregulated host response associated with 
NETs. Both direct and indirect processes may extend beyond the infected lung, since 
‘carrier’ immune cells can transport influenza virus transcriptome to distant organs 
where a further encounter with recruited neutrophils may trigger local release of NETs 
into the affected organs. Indeed, in animal models, influenza virus transcriptome can 
be detected in major organs in the infected host (heart, spleen, kidney, brain, liver) [32]. 
Furthermore, a recent study showed that neutrophils can be infected by influenza virus 
[33]. Once infected, these neutrophils become ‘carrier’ immune cells themselves. They 

Antigen presenting cells containing
processed fragments of influenza

RNA or whole virions

Presentation of viral RNA
to neutrophils

More neutrophils migrate
towards site of infection

Neutrophils release histones
and fragments of DNA (NETs)

Fig. 35.2 Neutrophil 
extracellular traps (NETs) 
released by neutrophils 
upon encountering antigen 
presenting cells
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then go on to spread neutrophil- induced inflammation (e.g., NETs, myeloperoxidase, 
reactive oxygen species) elsewhere or allow actively replicating virions to ‘seed’ the 
target organs. Collectively, both direct and indirect tissue injury mechanisms extend an 
initially lung-centered pathology to other major organs with the ensuing development 
of organ dysfunction (e.g., myocarditis, acute kidney injury). In light of this, the tradi-
tional ‘lung-centric’ view of influenza pathogenesis requires revision to incorporate a 
multisystem view of organ dysfunction influenza pathogenesis (Fig. 35.3).

35.8  Conclusion

Severe influenza infection remains an important clinical challenge to critical care 
physicians. The potentially high morbidity and mortality of this condition has 
remained unchanged over the last few decades, due mainly to a lack of effective new 
therapies to treat such patients. In recent years, we have gained a much better under-
standing of the disease mechanism. This improved understanding points to the piv-
otal roles played by immune dysregulation in causing severe disease. Agents that 
modulate the host response therefore hold particularly great promise in correcting 
the dysregulated immune response and may help reduce morbidity/mortality.
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36Multidrug Resistant Gram-Negative 
Bacteria in Community-Acquired 
Pneumonia
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36.1  Introduction: Why Is This Topic Important?

Community-acquired pneumonia (CAP) is associated with high morbidity and mor-
tality worldwide [1]. Although several different bacteria and respiratory viruses can 
be responsible for CAP, Streptococcus pneumoniae (pneumococcus) remains the 
most common causative pathogen. A small proportion of CAP cases are caused by 
Gram-negative bacteria, especially Pseudomonas aeruginosa, Klebsiella pneu-
moniae, Acinetobacter baumannii and Stenotrophomona maltophilia [2, 3]. The 
main problem concerning the treatment of Gram-negative bacterial infections is 
their related antibiotic resistance, reported as multidrug resistant (MDR = resistant 
to at least one agent in three or more groups of antibiotics), extensively drug resis-
tant (XDR = resistant to at least one agent in all but two or fewer groups of antibiot-
ics) and pan- drug resistant (PDR = resistant to all groups of antibiotics) [4]. This 
makes the clinical management of pneumonia caused by such pathogens a chal-
lenge for physicians. Taking into account the clinical severity that may be associ-
ated with CAP caused by Gram-negative bacteria (respiratory failure, bacteremia, 
shock, acute respiratory distress syndrome [ARDS]) the magnitude of the global 
health problem is tremendous.
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We are currently living through an antibiotic resistance crisis, mainly because 
antibiotics tend to lose their efficacy over time due to the emergence and dis-
semination of resistance among bacterial pathogens, principally caused by the 
overuse and inappropriate use of antibiotics, as well as the extensive use of 
antibiotics in agriculture and the food industry. The Global Point Prevalence 
Survey (Global-PPS), an international network set up to measure antimicrobial 
prescription and resistance in the hospital setting, recently published its findings 
[5]. Pneumonia was the most common illness to receive antibiotic therapy 
worldwide, accounting for 19% of patients treated. The most frequently pre-
scribed antibiotics for community-acquired infections were penicillins with a 
β-lactamase inhibitor (29%); amoxicillin with a β-lactamase inhibitor accounted 
for 16% and piperacillin with a β-lactamase inhibitor accounted for 8%. Third-
generation cephalosporins were the second most commonly prescribed antibiot-
ics for community-acquired infections (mainly ceftriaxone, 16%), followed by 
fluoroquinolones (14%).

Antibiotic resistance is a natural phenomenon in bacteria that cannot be stopped; 
however various measures can be taken in order to reduce the rate of its develop-
ment and devise more effective strategies to control its spread [6].

Because CAP caused by MDR Gram-negative bacteria is an important clinical 
concern, we review the main findings concerning the epidemiology, diagnosis and 
clinical impact of CAP.

36.2  CAP Caused by Pseudomonas aeruginosa

36.2.1  The Pathogen: Why Is It Difficult to Treat?

P. aeruginosa is an opportunistic Gram-negative, non-fermentative bacterium that 
inhabits the soil and surfaces in aqueous environments. Its high intrinsic antibiotic 
resistance, broad metabolic versatility and adaptability make it especially difficult 
to treat. Several studies have shown that the physical characteristics (phenotype) of 
P. aeruginosa isolates vary between those derived from chronic infections, such as 
cystic fibrosis, and those from acute infections, such as pneumonia [7]. Common 
chromosomal mutations in the mucA gene can convert a non-mucous phenotype 
into a mucous phenotype. The adaptation of P. aeruginosa, which includes complex 
physiological changes, confers a selective advantage since it can better survive in 
different habitats [8].

P. aeruginosa has intrinsic, adaptive and acquired mechanisms of resistance, the 
main ones including the presence of β-lactamases, alterations in membrane perme-
ability due to the presence of ejection pumps, and mutations of transmembrane 
porins. Furthermore, the capacity to form biofilms (intricate, highly organized bac-
terial communities, embedded in a matrix composed of exopolysaccharides, DNA 
and proteins that is attached to a surface and hinders antimicrobial action) favors the 
persistence of P. aeruginosa and makes it more difficult to treat, due to the inherent 
protection that biofilms provide [8] (Table 36.1).
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A large number of intrinsic P. aeruginosa virulence factors are required to estab-
lish infection [7]. Moreover, the differential presence or expression of some of these 
virulence factors may determine major inter-strain variability in virulence and thus 
potentially have a major impact on disease severity and mortality [8].

In conclusion, the pathogenesis of P. aeruginosa CAP is very complex, in addition 
to the broad antimicrobial resistance that limits antibiotic therapy; the virulence of P. 
aeruginosa is certainly a major driver of pneumonia severity and outcome, as well as 
the different phenotypes described. The capacity to form biofilms provides the bacteria 
with a further possibility to escape the effects of antibiotics, turning it into a superbug.

36.2.2  Prevalence: What Is the Prevalence?

The reported prevalence of CAP caused by P. aeruginosa is controversial, largely 
due to data being limited to single-center studies and because of differences in the 
study populations [9] (Table 36.2). Recently, a multinational point-prevalence study 
analyzed data from 3193 CAP patients in 222 hospitals in 54 countries [10]. The 
study showed a low prevalence of CAP caused by P. aeruginosa (4.2%), which cor-
responded to only 11.3% of patients with culture-positive pneumonia. The preva-
lences of antibiotic-resistant and MDR P. aeruginosa were also low (2% and 1% 
respectively). Interestingly, the study reported the prevalence of P. aeruginosa in 
CAP in different continents: 3.8% in Europe, 4.3% in North America, 5.2% in Asia, 

Table 36.1 Main resistance mechanisms in Gram-negative pathogens

Microorganism Mechanism
Pseudomonas aeruginosa Efflux pumps

Mutant topoisomerases
Modifying enzymes
AmpC/porin reduction combinations
Metallo-b-lactamases
Outer membrane permeability
Extended spectrum β-lactamases

Acinetobacter baumannii β-lactamases
Efflux pumps
Membrane permeability
Aminoglycoside-modifying enzymes
Alteration of target sites

Klebsiella pneumoniae Modifying enzyme
Efflux pumps
Mutant topoisomerases
Extended spectrum β-lactamases
Carbapenemases

Stenotrophomonas maltophilia β-lactamases (L1 and L2)
Multidrug efflux pumps
Antibiotic-modifying enzymes
Mutations of bacterial topoisomerase and gyrase 
genes
Reduction in outer membrane permeability

36 Multidrug Resistant Gram-Negative Bacteria in Community-Acquired Pneumonia



462

4.9% in South America, 5.5% in Africa and 3.1% in Oceania. The prevalence of 
antibiotic-resistant P. aeruginosa in CAP was 1.6% in Europe, 2.5% in North 
America, 2.2% in Asia, 3.0% in South America, and 3.9% in Africa; there were no 
reported cases of P. aeruginosa antibiotic resistance in Oceania. Finally, the preva-
lence of MDR P. aeruginosa in CAP was 0.9% in Europe, 1.2% in North America, 
0.5% in Asia, 2% in South America, and 2.3% in Africa; there were no cases of 
MDR P. aeruginosa in Oceania.

Similarly, a Spanish study of clinical outcomes and risk factors for CAP caused 
by MDR and non-MDR P. aeruginosa reported a prevalence of MDR P. aeruginosa 

Table 36.2 Incidence and risk factors for Pseudomonas aeruginosa community-acquired pneu-
monia (CAP)

Study/year Population/Country
Prevalence of P. 
aeruginosa

Risk factors for P. 
aeruginosa CAP

Aliberti et al. 2013 [2] Prospective study 
of two cohorts 
(Barcelona and 
Edinburgh)
n = 1591 CAP 
patients

Barcelona: 6.5% 
(32 cases) of these 
12 cases (38%) 
were MDR P. 
aeruginosa
Edinburgh: 1.6% 
(9 cases) of these 
3 cases (30%) 
were MDR P. 
aeruginosa

Nursing home; 
hospitalization in the 
previous 90 days; history 
of chronic lung disease

Shindo et al. 2013 [51] Prospective study 
of CAP and HCAP 
cases from Japan
n = 1431

CAP 3.7% (33 
cases)
HCAP 8.7% (46 
cases)

Prina et al. 2015 [50] Prospective study 
of CAP from Spain
n = 1597

4.5% P. 
aeruginosa

Previous antibiotic use, 
chronic respiratory 
diseases, PO2/FiO2 ratio 
<200

Cillóniz et al. 2016 [11] Prospective study 
of adult patients 
with CAP with 
definitive etiology
n = 2023

4% P. aeruginosa
1.08% MDR P. 
aeruginosa

Male sex, chronic 
respiratory diseases, 
C-reactive protein 
<12.35 mg/dL, PSI IV to V
Prior antibiotic treatment 
risk factor for MDR P. 
aeruginosa

Restrepo et al. 2018 [10] Multicenter, 
point- prevalence 
study of CAP 
patients (22 
hospitals in 54 
countries)
n = 3193

4.2% of all 
population
11.3% of cases 
with defined 
etiology
2% antibiotic-
resistant P. 
aeruginosa
1% MDR P. 
aeruginosa

Prior pseudomonas 
infection/colonization, 
prior tracheostomy, 
bronchiectasis, IRVS, 
very severe COPD

HCAP healthcare-associated pneumonia; IRVS intensive respiratory or vasopressor support; PSI 
pneumonia severity index; COPD: chronic obstructive pulmonary disease

C. Cillóniz et al.



463

of 1.1% in a prospective cohort study of 2023 culture-positive CAP patients [11]. 
The authors also reported that P. aeruginosa was an individual risk factor associated 
with mortality in the study population.

A study by Ferrer et al. [12] of 664 severe CAP cases requiring mechanical ven-
tilation showed that 336 patients had a final microbiological diagnosis; P. aerugi-
nosa was reported in 7% (n  =  25) of cases (4% in the non-invasive mechanical 
ventilation group and 5% in the invasive mechanical ventilation group).

36.2.3  P. aeruginosa Risk Factors

Antibiotic therapy for P. aeruginosa is totally different from the standard antimicro-
bial therapy used to treat common CAP pathogens. Current recommendations pro-
vided by international guidelines stratify therapy on the basis of Pseudomonas risk 
factors [1, 13].

Risk factors for P. aeruginosa include structural lung disease (bronchiectasis, 
chronic obstructive pulmonary disease [COPD]), nursing home residence, C-reactive 
protein (CRP) <12.35 mg/dL, prior use of oral steroids, antibiotic therapy within the 
previous 90 days, and malnutrition [1, 11]. Chronic P. aeruginosa colonization in 
patients with bronchiectasis and COPD can be an important preliminary step to 
pneumonia. Non-cystic fibrosis bronchiectasis and COPD account for 2–55% and 
for 20–46% of CAP cases, respectively. These two structural lung conditions facili-
tate chronic colonization by P. aeruginosa, mainly due to failure to eradicate the 
bacterium during acute infections. As mentioned earlier, P. aeruginosa can trans-
form from a non-mucous phenotype to a mucous phenotype which can then adapt 
to the lung environment and grow as a biofilm.

Interestingly, a recent case-control study [14] identified risk factors for pneumo-
nia due to P. aeruginosa susceptible to all routinely tested antipseudomonal 
β-lactams (APBL-S) and resistant to at least one antipseudomonal β-lactam 
(APBL-R). The authors identified bronchiectasis, interstitial lung disease, prior air-
way colonization with P. aeruginosa and recent exposure to an antipseudomonal 
β-lactam as risk factors for APBL-S P. aeruginosa in adults with acute bacterial 
pneumonia.

In the last few years, cases of P. aeruginosa infection in previously healthy indi-
viduals have been reported; in the majority, heavy exposure to aerosols of contami-
nated water has been identified [15].

P. aeruginosa can establish polymicrobial interactions, mainly with 
Staphylococcus aureus and Candida albicans that may affect disease management. 
The relationship between S. aureus and P. aeruginosa is competitive in nature. The 
association of C. albicans with P. aeruginosa or S. aureus enhances disease sever-
ity in several ways. In vivo studies in rats have shown that pre-colonization of lung 
tissue by C. albicans increases the rate of pneumonia caused by P. aeruginosa. This 
microbial interaction should be taken into account in patients with COPD or non- 
cystic fibrosis bronchiectasis who are frequently colonized with P. aeruginosa and 
S. aureus [16].
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According to a recent study, prior antibiotic treatment is a risk factor for P. aeru-
ginosa, especially for MDR P. aeruginosa [11]. It has been demonstrated that low 
levels of antibiotics contribute to strain diversification in P. aeruginosa; sub- 
inhibitory and sub-therapeutic antibiotic concentrations induce alterations that 
effect changes in gene expression, horizontal gene transfer and mutagenesis, which 
can promote and spread antibiotic resistance.

Given that P. aeruginosa CAP has been related to poor clinical outcomes, largely 
because of inappropriate empiric antibiotic treatment, it is recommended to use 
empiric anti-pseudomonal cover in all cases of highly suspected MDR P. aerugi-
nosa CAP. Risk stratification should take into account the local ecology (prevalence 
of the pathogen in a specific area) and the patient’s risk factors, especially in cases 
of severe CAP that are associated with higher mortality rates (20–50%) [1].

36.3  CAP Caused by Acinetobacter baumanii

36.3.1  The Pathogen: How Important Is A. baumanii In CAP?

A. baumannii is an aerobic Gram-negative coccobacillus. In 2017, the World Health 
Organization (WHO) included it in the list of “Priority Pathogens”, a group of bac-
teria that poses the greatest threat to human health and for which new antibiotics are 
urgently needed [17].

In recent years, isolates of A. baumannii have been recovered from multiple 
extra-hospital sources, such as vegetables, water treatment plants, fish and shrimp 
farms, apart from its known natural habitat (soil and humid environments). This 
broad source of the bacteria may explain the occurrence of community-acquired 
infections [18].

A. baumannii has a natural resistance to desiccation due to morphological 
changes that justify its viability for months. Infections caused by A. baumannii may 
be very difficult to treat due to the ability of the bacterium to evade the host immu-
nity and to form biofilm. Furthermore, A. baumannii has several resistance mecha-
nisms, including β-lactamases, multidrug efflux pumps, aminoglycoside-modifying 
enzymes, permeability defects and modifications of target sites [19] (Table 36.1).

The majority of A. baumannii isolates from CAP have a lower antibiotic resis-
tance than isolates from nosocomial infections. Despite this lower rate of antibiotic 
resistance, severe CAP is the most frequent clinical presentation of A. baumannii 
pneumonia. Caution should be taken when choosing the empirical antibiotic ther-
apy. Although use of a ß-lactam plus a macrolide or a fluoroquinolone is the current 
international guideline recommendation for severe CAP [1], these drug combina-
tions do not completely cover A. baumannii, mostly because of its frequent resis-
tance to ceftriaxone [20].

Several studies have reported isolates of MDR A. baumannii in community- 
dwelling patients and in nursing-home patients. Recently, a prospective cohort 
study of 651 newly admitted patients in six nursing facilities in the USA reported 
that 95% of patients were admitted for post-acute care; 57% of patients were 
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colonized with MDR pathogens at enrollment. Prolonged hospitalization (>14 days), 
functional disability, antibiotic use, or device use were the main risk factors for 
colonization at enrollment. The rate per 1000 patient-days of acquiring a new resis-
tant Gram-negative bacillus was 13.6%. MDR colonization at discharge for resis-
tant Gram-negative bacilli was 34% [21].

In a study from west China [22], investigating the antimicrobial susceptibility 
of 32 isolates of A. baumannii causing CAP, the authors reported that 30% of the 
isolates were resistant to the majority of the antibiotics; the resistant rates to imi-
penem and meropenem were 19% and 9%, respectively. An important finding of 
this study is that approximately 80% of the patients had had a previous hospital 
admission.

An MDR A. baumannii was recently isolated in a previously healthy patient with 
CAP from Hong Kong. The patient was treated with intravenous colistin and oral 
monocycline and recovered fully [23]. This case is not isolated and more and more 
reports of cases of CAP caused by MDR A. baumannii are being published.

In conclusion, although A. baumannii is not a frequent cause of CAP, the capac-
ity to rapidly develop resistance mechanisms to antibiotics and the fulminant clini-
cal presentation (with a mortality rate around 50%) make this pathogen an important 
health problem, especially in tropical and subtropical areas.

36.3.2  Prevalence: What Is the Prevalence?

During the last 10 years, A. baumannii has been described as a rare cause of CAP 
but with clinical relevance. The great majority of CAP cases caused by A. bauman-
nii occurs in countries with tropical or sub-tropical climates. A. baumannii is an 
emerging pathogen in the regions of Asia-Pacific, with a higher prevalence in Hong 
Kong, Singapore, Taiwan, South Korea and Australia [24, 25].

CAP cases caused by A. baumannii are very rare in Europe and USA. A recent 
USA case report of severe CAP and review of the literature found that 19 cases of 
CAP caused by A. baumannii have been reported in the USA to date [26].

Unlike nosocomial pneumonia caused by A. baumannii, CAP cases caused by A. 
baumannii have a seasonal presentation, with the highest prevalence during the 
warm and humid months of the year [25].

36.3.3  A. baumannii Risk Factors

The clinical presentation of A. baumannii CAP is fulminant with acute onset of 
fever, dyspnea and rapid progression to respiratory failure and shock. A. baumannii 
CAP is associated with a mortality rate ranging from 40% to 60% especially in 
cases presenting with bacteremia and shock. The main risk factors related to this 
infection are alcoholism, diabetes mellitus and chronic lung disease [24].

It is known that alcohol abuse impacts on the innate and adaptive immune response. 
A study published in 2013 described the impact of alcohol on macrophage- like cell 
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antimicrobial functions in A. baumannii infections [27]. The authors demonstrated 
that alcohol plays an important role in inhibiting nitric oxide (NO) production 
which is essential to eradicate bacteria exposed to macrophages after phagocyto-
sis. Alteration of intra- and extra-cellular NO production promotes microbial sur-
vival, facilitating intracellular replication. Furthermore, macrophages exposed to 
alcohol have lower production of pro-inflammatory tumor necrosis factor (TNF)-α, 
interleukin (IL)-1β, and IL-12 and increased levels of IL-6. This imbalance in the 
production of cytokines affects the differentiation of naïve T cells into Th1 cells 
because of low IL-12 production, and the production of interferon (IFN)-γ from T 
and natural killer (NK) cells. Moreover, it is known that low levels of TNF-α and 
IL-1β are associated with septic shock and the risk of bacterial infections [27].

A related study recently published by Kamoshida et al. [28] described for the 
first time the ability of A. baumannii to inhibit the formation of neutrophil extracel-
lular traps (NETs), thus suppressing neutrophil adhesion. It is well known that the 
main role of NETs is to prevent microbial dissemination and to eradicate pathogens. 
The ability of A. baumannii to escape the immune response may explain the fulmi-
nant clinical presentation of CAP caused by this pathogen.

An Australian study suggested that microaspiration of pharyngeal A. baumannii 
may be responsible for CAP in alcoholic patients [29]. In this study, 10% of com-
munity residents attending the Emergency Department in the wet-season (March–
April) with non-respiratory diseases, no episode of previous hospitalization and a 
history of alcohol abuse (alcohol intake >6 standard drinks/day) had A. baumannii 
in their throat [29].

The susceptibility to pneumonia in patients with diabetes can be ascribed to sev-
eral factors. Patients with diabetes have an increased risk of hyperglycemia (which 
reduces the mobilization of polymorphonuclear leukocytes, chemotaxis and phago-
cytic activity), increased risk of aspiration, impaired immunological defenses, and 
deterioration in lung function and chronic complications, such as neuropathy [30].

Patients with underlying chronic lung disease, such as COPD or bronchiectasis, 
also show reduced innate defense mechanisms. Generally, these patients are smok-
ers, passive smokers or ex-smokers and the frequent use of inhaled corticosteroids 
make them more vulnerable to infections such as pneumonia [10, 11, 27].

In conclusion, because of its possible fulminating course, CAP caused by A. bau-
mannii should be suspected in patients with specific risk factors and a severe presenta-
tion of pneumonia. Early recognition and prompt initiation of broad empirical 
antibiotic coverage are mandatory to limit the high mortality related to this infection.

36.4  CAP Caused by Klebsiella pneumoniae

36.4.1  The Pathogen: What Is So Special About K. pneumoniae 
in CAP?

K. pneumoniae is a Gram-negative capsulate bacterium responsible for severe pneu-
monia especially in immunocompromised patients. In the last two decades, there 
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has been an increase in antibiotic resistance in K. pneumoniae isolates globally. The 
emergency of MDR and hypervirulent K. pneumoniae strains has been reported in 
immunocompromised patients and in healthy persons [31].

The main mechanisms of antibiotic resistance in K. pneumoniae are the expres-
sion of extended spectrum β-lactamases (ESBLs), which confers resistance against 
penicillins, cephalosprins and monobactams, and the expression of carbapenemases, 
which confers resistance against all β-lactams including carbapenems (Table 36.1).

Interestingly, hypervirulent K. pneumoniae strains produce a hypercapsule, also 
known as being hypermucoviscous. The capsule, a polysaccharide matrix that coats 
the cell, is necessary for K. pneumoniae virulence and is arguably the most thor-
oughly studied virulence factor of K. pneumoniae [31]. Although antimicrobial 
resistance in hypervirulent K. pneumoniae is generally lower than in non- 
hypervirulent K. pneumoniae strains, cases with more resistant strains of hyperviru-
lent K. pneumoniae have recently been reported [32].

K. pneumoniae has the ability to avoid phagocytosis. A recent experimental 
study found that the capsule is dispensable for intracellular Klebsiella survival if 
bacteria are not opsonized. K. pneumoniae survives the killing by macrophages by 
manipulating phagosome maturation, which may contribute to Klebsiella pathogen-
esis [33].

In conclusion, CAP caused by MDR and hypervirulent K. pneumoniae repre-
sents a great challenge in terms of treatment and management, especially in Asian 
countries, where the majority of cases are reported.

36.4.2  Prevalence: What Is the Prevalence?

A recent 5-year study in a French ICU [34] described 59 infections caused by K. 
pneumoniae; 26 (44%) of them were community-onset infections. Interestingly, the 
authors reported 12 hypervirulent K. pneumoniae strains in the group of community- 
onset infections, 6 (50%) of which were isolated from patients with CAP.  The 
authors observed that hypervirulent K. pneumoniae cases had higher rates of organ 
failure compared with non-hypervirulent cases. However, mortality rates were simi-
lar in the two groups.

In a study performed in Cambodia [35], 2315 patients with acute lower respira-
tory infections were enrolled, including 587 (25%) whose bacterial etiology could 
be assigned. K. pneumoniae was identified in 8% (n = 47) of the microbiologically- 
confirmed cases. ESBL-producing strains were found in 8 (17%) patients. The main 
risk factors related to K. pneumoniae infection were female sex and diabetes melli-
tus. The overall mortality rate due to K. pneumoniae infection was 38%.

Approximately 1–7% of cases of CAP are caused by K. pneumoniae, with 5–36% 
of these being MDR strains [2, 36]. Interestingly, in Asian countries (Taiwan, 
Cambodia, Shanghai) K. pneumoniae is described as a frequent pathogen causing 
bacteremia [37, 38]. Although reports of cases from Europe and USA are generally 
rare, an increasing incidence from these regions has been registered in recent years 
[34, 39].
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36.4.3  K. pneumoniae Risk Factors

The recognized risk factors for K. pneumoniae CAP are female sex, diabetes mel-
litus and alcoholism. MDR K. pneumoniae can be recognized as a virulent pathogen 
causing severe CAP, frequently associated with septic shock, respiratory failure and 
bacteremia. Morbidity and mortality rates are high especially in Asian countries 
were the pathogen is reported in younger patients with no chronic conditions. This 
pattern may be explained by the virulence of the strains (especially hypervirulent K. 
pneumoniae) and the high rate of antibiotic consumption in these regions [35, 40].

36.5  CAP Caused by Stenotrophomonas maltophilia

36.5.1  The Pathogen: What Is So Special About S. maltophilia 
in CAP?

S. maltophilia is a motile, aerobic, non-fermentative Gram-negative bacillus with 
the ability to survive on any humid surface, form biofilm and colonize humid sur-
faces. It is an emerging opportunistic pathogen with multidrug resistance, which 
particularly affects immunocompromised patients (i.e., with malignances, post- 
organ transplantation) worldwide [41, 42].

S. maltophilia is intrinsically resistant to carbapenems and frequently carries 
genetic elements that provide resistance to other β-lactams, fluoroquinolones, amino-
glycosides and tetracyclines. S. maltophilia has the ability to acquire genes involved 
in antibiotic resistance from other bacterial species. The most relevant mechanisms of 
antibiotic resistance include β-lactamase (L1 and L2) production, multidrug efflux 
pumps (which confer resistance to macrolides, quinolones, aminoglucosydes, poly-
myxins), antibiotic-modifying enzymes, mutations of bacterial topoisomerase and 
gyrase genes and reduction in outer membrane permeability [42] (Table 36.1).

Although S. maltophilia has been reported in patients with cystic fibrosis, it can 
affect healthy individuals through contaminated wounds or infected catheters [43, 
44]. Transmission of S. maltophilia may occur through direct contact with contami-
nated source such as contaminated water or medical devices [42].

In conclusion, CAP caused by S. maltophilia is associated with high mortality 
rates. Hemorrhagic pneumonia is one of the most severe forms of S. maltophilia 
infection [45]. It is associated with poor outcome despite appropriate antibiotic 
therapy.

36.5.2  Prevalence: What Is the Prevalence?

There is limited information on the worldwide prevalence of community-acquired S. 
maltophilia pneumonia. The majority of data comes from case reports [46]. S. malto-
philia has been reported as an important cause of CAP in patients with hematologic 
diseases, with a prevalence of bacteremia ranging between 2% and 7%. The mortality 
rate is approximately 35% (ranging between 30% and 40%) in this special population.
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36.5.3  S. maltophilia Risk Factors

The majority of patients affected by this pathogen have previous chronic comor-
bidities, such as COPD, cystic fibrosis, malignancy (especially hematologic 
diseases), human immunodeficiency virus (HIV)-infection (acquired immunode-
ficiency syndrome [AIDS]) or other immunodeficiencies. Patients with prior anti-
microbial therapy, prolonged hospitalization, indwelling catheters, mechanically 
ventilated and receiving corticosteroids have an increased risk of S. maltophilia 
CAP [42, 46].

36.6  Diagnosis: Is It Possible to Predict Gram-Negative MDR 
Pathogens in CAP?

The reference microbiological diagnostic tools for bacteria causing respiratory tract 
infections remain the Gram stain and semi-quantitative conventional cultures from 
direct respiratory samples. Bacterial identification is currently based on matrix- 
assisted latex laser desorption/ionization time-of-flight mass spectrometry (MALDI- 
TOF MS) and susceptibility testing. As a consequence of the time needed for 
microbiological diagnosis, many patients initially receive inappropriate antibiotic 
treatment, which may increase morbidity and mortality.

Molecular techniques based on multiplex PCR have also been developed in 
recent years in order to simultaneously identify and quantify multiple respiratory 
pathogens from different types of samples in a single procedure [47]. However, the 
main challenge for the rapid diagnosis of respiratory infections is the early detection 
of the antibiotic resistance profile of the various bacteria. The biggest obstacle in the 
use of molecular techniques for detecting resistance is the discrepancy between 
genotype and phenotype, the continuous discovery of new resistance mechanisms 
and, as a result, the potential presence of unknown mechanisms, which may lead to 
false negative results using molecular techniques [47].

Recognizing patients at risk of colonization with MDR Gram-negative bacteria, 
such as patients with bronchiectasis or COPD (frequently colonized by P. aerugi-
nosa), is essential, since several studies have reported the association between pre-
vious colonization and risk of pneumonia [48, 49].

Currently, there is no specific score to predict MDR Gram-negative pathogens 
in CAP. However, several scoring systems have been proposed to identify patients 
with risk factors for developing CAP caused by MDR pathogens. The Aliberti 
score [2] takes into account different variables and gives a specific score to each 
of them: chronic renal failure (5 points), prior hospitalization (4 points), nursing 
home residence (3 points) and other variables (0.5 points each). CAP patients 
with an Aliberti score ≥3 points have a reported prevalence of MDR of 38%, 
whereas CAP patients with an Aliberti score of ≤0.5 have a reported prevalence 
of MDR of 8%. The PES (P. aeruginosa, Enterobacteriaceae ESBL-positive, 
methicillin-resistant S. aureus [MRSA]) score includes 1 point each for age 
40–65 years and male sex; 2 points each for age >65 years, previous antibiotic 
use, chronic respiratory disorder, and impaired consciousness; 3 points for 
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chronic renal failure; and minus 1 point if fever is present initially. The risk of 
MDR pathogens is higher with 5 points or more [50]. Unfortunately, studies vali-
dating the Aliberti and PES score do not include immunocompromised patients. 
The ability of these scores to identify risk factors for CAP by MDR pathogens in 
this population is still unclear.

An important study by Shindo et al. [51] investigated the main risk factors for 
MDR pathogens in 1413 patients with CAP. Six risk factors were identified: prior 
hospitalization, immunosuppression, previous antibiotic use, use of gastric acid- 
suppressive agents, tube feeding and non-ambulatory status. Unlike the Aliberti and 
PES studies, Shindo’s study included immunocompromised patients. Interestingly, 
the authors analyzed risk factors for Gram-positive (MRSA) and Gram-negative 
pathogens separately. The authors observed that the risk of MDR Gram-negative 
pathogens did not increase in the presence of ≥3 risk factors; conversely, for Gram- 
positive (MRSA) pathogens, the risk increased in the presence of ≥2 risk factors, 
especially if one of the risk factors was specific for MRSA, such as previous colo-
nization or previous hospitalization.

36.7  Therapy: How is it Possible to Treat These Pathogens?

Since antibiotic treatment for P. aeruginosa is completely different from standard 
therapy to cover the most common pathogens in CAP, current international guide-
lines for severe CAP stratify therapy recommendations on the basis of P. aeruginosa 
risk factors [1]. MDR P. aeruginosa should be covered only in cases that are strongly 
suspected because of concurrent risk factors. It is important to underline that prior 
antibiotic therapy has been reported as the only risk factor for MDR P. aeruginosa 
in CAP patients [11].

Empirical antibiotic treatment based on the evaluation of the patient’s risk fac-
tors is also of pivotal importance in the management of A. baumannii CAP.

Because CAP caused by A. baumannii has a fulminant clinical presentation 
with a high mortality rate (approximately 50%), greater attention should be paid in 
elderly patients with multi-comorbidities, and patients with alcohol abuse, chronic 
lung disease and prior antibiotic therapy, especially in Asian countries where this 
pathogen is frequently reported. Early appropriate antimicrobial therapy is criti-
cal. Recommended empirical antibiotic therapy for A. baumannii CAP includes 
anti- pseudomonal penicillins, aminoglycoside, ciprofloxacin, and imipenem. 
Tigecycline, colistin, ceftazidime, doxycycline, minocycline, piperacillin/tazobac-
tam, tobramycin, rifampin, fosfomycin and levofloxacin are active against variable 
percentages of strains. The treatment should include an association of two or more 
of these antibiotics according to the antibiogram of the isolated pathogen. Moreover 
some countries, notably Asia [52] and Australia [53], have implemented specific 
antibiotic recommendations in cases of severe CAP in order to cover pathogens 
such as A. baumannii.

In CAP caused by K. pneumoniae, depending on the clinical severity and the risk 
of infection by a strain with resistance mechanisms (production of ESBLs, 
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cefaminases or carbapenemases), a 3rd generation cephalosporin (cefotaxime or 
ceftriaxone) or a fluoroquinolone (ciprofloxacin or levofloxacin) should be used. 
Another possibility, in case of infection by carbapenemase-producing or 
carbapenem- resistant strains (due to loss of porin and hyperproduction of Amp-C), 
is the use of associations of two or three of the following antibiotics: colistin, tige-
cycline, fosfomycin (if the strain is sensitive), an aminoglycoside (amikacin or gen-
tamicin) and meropenem (if the minimum inhibitory concentration [MIC] = 16 mg/L), 
administered in high doses and by continuous perfusion. Hypervirulent strains 
(serotypes K1 and K2) are usually more sensitive to antibiotics, but production of K. 
pneumoniae- type carbapenemase has also been observed.

For the antibiotic treatment of S. maltophilia pneumonia, trimethoprim- 
sulfamethoxazole (TMP-SMX) is still considered the drug of choice despite increas-
ing resistance. It is preferably used in association with another antibiotic depending 
on the severity of the pneumonia and the sensitivity of the pathogen. Other alterna-
tive antibiotics include β-lactams (i.e., ceftazidime), fluoroquinolones (i.e., levo-
floxacin, moxifloxacin), minocycline or tigecycline. In vitro, the following 
associations are often synergistic: cotrimoxazole with colistin, tigecycline, ceftazi-
dime and rifampicin; colistin with tigecycline, ceftazidime and rifampin; ceftazi-
dime with levofloxacin, moxifloxacin and aztreonam.

Figure 36.1 proposes an algorithm for the empiric antibiotic therapy of CAP in 
patients with risks factors for MDR pathogens.

Community-acquired pneumonia (CAP)
Emergency Department

Usual empiric
antibiotic therapy
coverage for CAP 

Anti-pseudomonal +/- anti-
MRSA plus macrolide

Score to PES pathogen Points

Age <40 y 0

Age 40-65 y 1

Age >65 y 2

Male 1

Previous antibiotic use 2

Chronic respiratory disorder 2

Chronic renal disease 3

At emergency department

Consciousness impairment or
aspiration evidence 

2

Fever or shivers -1

Low risk
score ≤ 1

High risk
score ≥ 5 

* For high risk patients try to obtain a
respiratory sample for PCR plus culture
*MRSA consider prevalence in the
community

Fig. 36.1 Proposed algorithm for empiric antibiotic therapy in community-acquired pneumonia 
for patients with risk of multidrug resistant (MDR) pathogens using the PES (Pseudomonas aeru-
ginosa, Enterobacteriaceae extended-spectrum β-lactamase-positive, methicillin-resistant 
Staphylococcus aureus [MRSA]) score from [50]. PCR polymerase chain reaction
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36.8  Conclusion

Correct identification of CAP patients suspected of being infected with MDR 
Gram- negative pathogens is crucial. Specific risk factors, local ecology and 
resistance patterns should always be considered in order to determine the ade-
quate empirical antibiotic therapy. Early hemodynamic and respiratory support 
is critical in these patients since the majority of cases of pneumonia may become 
fulminant systemic disease with both respiratory failure and multiple organ 
dysfunction.

The collaboration of a multidisciplinary team (critical care specialists, pneumol-
ogist, infectious disease specialists, microbiologists) improves management of the 
most severe cases. The role of the microbiology laboratory, in particular, is of piv-
otal importance to determine the antimicrobial susceptibility pattern of the pathogen 
causing CAP, so that appropriate antibiotic therapy can be initiated as soon as pos-
sible, avoiding excessive use of broad spectrum antimicrobials, which increase the 
selection of resistant pathogens.
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37.1  Introduction

The progressive increase in antimicrobial resistance represents a major concern 
among critically ill patients, leading to prolonged length of hospital stay and 
increased mortality [1]. In this setting, prescription of adequate antibiotic treatment, 
which is of outstanding importance to reduce mortality rates and improve clinical 
outcomes, is frequently delayed, and the most commonly employed empiric antibi-
otic regimens are often inappropriate [2]. To confront the problem of antimicrobial 
resistance, many new antibiotics with activity against multidrug resistant (MDR) 
pathogens have recently been approved, and other agents are currently under inves-
tigation. Here we review the characteristics of the new therapeutic options for the 
treatment of serious infections caused by MDR pathogens, with a specific focus on 
the potential advantages of these drugs for the management of critically ill patients 
in everyday clinical practice.

Table 37.1 summarizes the spectrum of activity, dose, indications and current 
development phase of currently approved new antibiotics and those in an advanced 
stage of development for the treatment of infections due to MDR pathogens.

37.2  Ceftolozane/Tazobactam

Ceftolozane/tazobactam is the combination of a novel antipseudomonal cepha-
losporin with tazobactam, a β-lactamase inhibitor that inhibits most class A and 
some class C β-lactamases, providing enhanced activity against the majority of 
extended- spectrum β-lactamase (ESBL)-producing Enterobacteriaceae [3]. The 
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most interesting characteristic of ceftolozane is the potent antipseudomonal activ-
ity, with a reported two- to eight-fold higher potency compared with ceftazidime 
and cefepime and retained activity also against ceftazidime- and meropenem- 
nonsusceptible strains [3]. This potent antipseudomonal activity is related to the 
greater affinity of ceftolozane for all essential penicillin-binding proteins (PBPs) 
(1b, 1c, 2, and 3) compared to ceftazidime and imipenem; moreover, ceftolozane is 
not affected by upregulation of efflux pumps or loss of porin channels, thus inhibit-
ing all the three mechanisms of resistance displayed by Pseudomonas aeruginosa 
[3].

Adverse effects associated with the use of ceftolozane/tazobactam do not differ 
considerably from other cephalosporins; nausea, diarrhea, headache and pyrexia are 
the most commonly reported [4].

Ceftolozane/tazobactam is currently approved by the Food and Drug 
Administration (FDA) and the European Medical Agency (EMA) for the treat-
ment of complicated urinary tract infections (cUTIs) and complicated intra-
abdominal infections (cIAIs), at a dose of 1.5 g every 8 h. Due to lack of efficacy 
against Bacteroides, the addiction of metronidazole for the treatment of cIAIs is 
recommended. Pooled analyses of registration trials have demonstrated clinical 
efficacy of the drug against ESBL-producing Enterobacteriaceae [5]. However, 
apart from these data, published clinical experience remains limited against 
ESBL- and AmpC- producing organisms. The drug should also be used as an 
alternative to carbapenems for Escherichia coli urinary tract or intra-abdomi-
nal infections. However, we recommend caution in relation to ESBL-producing 
Klebsiella spp. and the drug should be avoided in the treatment of infections 
due to AmpC- or Klebsiella pneumoniae carbapenemase (KPC)-producing 
Enterobacteriaceae.

Because of the specific activity against MDR P. aeruginosa, which is frequently 
implicated in respiratory tract infections, and the good penetration into the epi-
thelial lining fluid after parenteral administration, ceftolozane/tazobactam is cur-
rently under evaluation also in this setting [6]. Pharmacodynamic/pharmacokinetic 
(PK/PD) studies suggest that an increased dosage of 3 g every 8 h might be nec-
essary for the treatment of pneumonia in patients with normal renal function to 
achieve a >90% probability of target attainment [7]. Some reports of respiratory 
tract infections sustained by MDR P. aeruginosa successfully treated with ceftolo-
zane/tazobactam have been published recently [8], and a Phase III trial to assess 
the safety and efficacy of ceftolozane/tazobactam (3  g every 8  h) compared to 
meropenem (1  g every 8  h) for the treatment of ventilator-associated pneumo-
nia (VAP) due to P. aeruginosa has recently been completed (ClinicalTrials.gov 
Identifier: NCT02070757). Ceftolozane/tazobactam is currently under evaluation 
also for the treatment of lower limb infections in diabetic patients [9] and a Phase 
4 PK/PD study on the compound in patients with burns has recently been com-
pleted (ClinicalTrials.gov Identifier: NCT03002506). Moreover, an observational 
pharmacokinetic study of ceftolozane/tazobactam in critically ill patients with 
and without continuous renal replacement therapy (CRRT) is currently ongoing 
(ClinicalTrials.gov Identifier: NCT02962934).
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37.3  Ceftazidime/Avibactam

Ceftazidime/avibactam is currently approved for the treatment of cIAIs (in com-
bination with metronidazole because of limited antibacterial activity against 
Bacteroides spp.), cUTIs, hospital-acquired pneumonia (HAP) (including VAP) 
and difficult-to-treat infections caused by Gram-negative bacteria when other 
treatment options are limited. The compound is a fixed-combination drug con-
taining ceftazidime, a third-generation cephalosporin, and avibactam, a new, 
semi-synthetic ß- lactamase inhibitor that in vitro inhibits the activity of Ambler 
class A (e.g., ESBL and KPC), class C and some class D enzymes. However, 
avibactam it is not active against metallo-ß-lactamases (MBLs: New Delhi 
MBL [NDM], Verona integrin- encoded MBL [VIM], imipenemase [IMP], 
Vietnam ESBL [VEB], Pseudomonas extended resistant [PER]) or against 
Acinetobacter OXA-type carbapenemases [10]. Thus, the combination with avi-
bactam broadens the antibacterial activity of ceftazidime against the majority of 
Enterobacteriacae, resulting in susceptibility rates higher than 96%, also among 
ceftazidime-non-susceptible, colistin-resistant, MDR and meropenem-non-sus-
ceptible, MBL-negative isolates [11]. For this reason, ceftazidime/avibactam 
currently represents the most attractive therapeutic option for the treatment of 
infections due to MDR Enterobacteriacae, mainly represented by carbapene-
mase-producing K. pneumoniae. A recent review and meta- analysis including 
nine randomized controlled trials (RCTs) and three observational studies found 
improved clinical responses with reduced mortality in patients with carbape-
nem-resistant Enterobacteriacae (CRE) infections treated with ceftazidime/avi-
bactam [12], and a recent retrospective study identified ceftazidime/avibactam 
as the only independent predictor of survival among patients with bacteremic 
KPC- producing K. pneumoniae (KPC-Kp) infections [13]. Whether ceftazi-
dime/avibactam should be used as monotherapy or as combination therapy for 
the treatment of infections due to CRE, however, remains a matter of debate. 
The use of ceftazidime/avibactam, particularly when used as monotherapy, 
has been associated with the potential emergence of resistant strains in several 
reports [14]. For this reason, the use of ceftazidime-avibactam in combination 
with gentamicin, fosfomycin, tigecycline or colistin may be a good option to 
optimize efficacy while reducing the risk of resistance selection, although fur-
ther studies specifically addressing this point are needed. Synergistic in vitro 
activity of ceftazidime/avibactam in combination with imipenem and merope-
nem against KPC-Kp has been reported recently, but the potential advantage of 
this combination in clinical practice is not established [15].

Globally, ceftazidime/avibactam is well tolerated, and the most common 
adverse events are headache, gastrointestinal symptoms (abdominal pain, vomit-
ing, nausea and constipation), and infusion-site reactions [16]. Of note, adminis-
tration of ceftazidime/avibactam is contraindicated in patients with known 
allergy to any penicillin antibiotic, limiting the use of the compound in this 
population.
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37.4  Aztreonam/Avibactam

Aztreonam belongs to the family of monobactams and possesses broad-spectrum 
activity against Gram-negative pathogens (with the exception of Enterobacter spp.); 
conversely, aztreonam is not active against Gram-positive aerobic and anaerobic 
bacteria and Bacteroides fragilis. Aztreonam is easily hydrolyzed by class-A and 
class-C lactamases, but is the only β-lactam stable to hydrolysis by MBLs, thus 
representing an interesting option for the treatment of infections due to MBL- 
producing Gram-negative pathogens.

The combination of aztreonam with avibactam broadens the spectrum of activity 
of aztreonam, restoring antimicrobial activity against Gram-negative pathogens 
expressing Ambler class A, C and some class D β-lactamases [17]. Aztreonam/avi-
bactam was active against up to 99.8% of Enterobacteriacae isolates, including 
meropenem non-susceptible strains. Moreover, the compound has been reported to 
be 8- to 32-fold more potent than meropenem, with minimum inhibitory concentra-
tions (MICs) of 8  g/mL and a MIC90 of 1  g/mL against MBL-producing 
Enterobacteriacae. Conversely, the combination with avibactam does not confer 
enhanced activity against Acinetobacter baumannii or P. aeruginosa compared to 
aztreonam alone, resulting in a potential limited activity in infections due to non- 
fermenting MDR Gram-negative isolates [18]. The potential use of aztreonam/avi-
bactam in clinical practice is currently under evaluation in Phase 1, 2 and 3 studies. 
Specifically, a Phase 1 study addressing the safety and tolerability of aztreonam/
avibactam in healthy subjects (ClinicalTrials.gov Identifier: NCT01689207) and a 
Phase 2 study evaluating pharmacokinetic, safety and tolerability of aztreonam/avi-
bactam for the treatment of cIAIs in hospitalized adults (REJUVENATE: 
ClinicalTrials.gov Identifier: NCT02655419) have been recently completed. A 
Phase 3 study to determine the efficacy, safety and tolerability of aztreonam/avibac-
tam (with or without metronidazole) versus meropenem (with or without colistin) 
for the treatment of serious infections (including HAP and VAP) due to Gram- 
negative bacteria is currently ongoing (ClinicalTrials.gov Identifier: NCT03329092).

37.5  Ceftaroline

Ceftaroline is a new, fifth generation cephalosporin and is characterized by potent 
activity against methicillin-resistant Staphylococcus aureus (MRSA), including 
strains with reduced susceptibility to vancomycin, because of the high binding 
affinity for PBP-2a [19]. Compared to the other commonly used anti-MRSA agents 
(e.g., vancomycin, daptomycin and linezolid), an attractive characteristic of cef-
taroline is its broad-spectrum activity, including both Gram-positive and Gram-
negative bacteria. Ceftaroline is not active against enterococci, ESBL- and 
carbapenemase- producing Enterobacteriacae, anaerobes and P. aeruginosa, thus 
limiting the use of the compound in infections where these pathogens are con-
firmed or suspected.
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Ceftaroline is currently approved by the FDA and the EMA for the treatment of 
acute bacterial skin and soft tissue infections and community-acquired pneumonia 
(CAP). The use of ceftaroline in the setting of CAP is particularly attractive, because 
ceftaroline was found to be 16-fold more potent compared with ceftriaxone against 
methicillin-susceptible S. aureus (MSSA), Streptococcus pneumoniae and 
Haemophilus influenzae; moreover, enhanced activity of ceftaroline compared with 
ceftriaxone has also been reported against Moraxella catharralis, which is another 
pathogen commonly involved in community-acquired respiratory tract infections 
[20]. A recently published meta-analysis found that ceftaroline fosamil was superior 
to ceftriaxone in adult patients hospitalized with pneumonia (pneumonia outcomes 
research team [PORT] risk class 3–4) [21].

For the treatment of CAP and complicated skin and soft tissue infections (cSS-
TIs), ceftaroline is currently approved at the dose of 600 mg every 12 h. However, 
recent findings suggest that in patients with normal renal function, administration of 
higher doses of ceftaroline (600 mg every 8 h) may provide better clinical outcomes 
in MRSA infections [22]. A Phase 4 study evaluating ceftaroline (600 mg every 8 h) 
versus ceftriaxone (2 g every 24 h) plus vancomycin (15 mg/kg intravenously [i.v.] 
q12h initially and then dose adjusted based on trough concentrations) for the treat-
ment of CAP in patients with risk factors for MRSA has recently been completed 
(ClinicalTrials.gov Identifier: NCT01645735). Despite the limited currently 
approved indications, there is increasing evidence supporting the use of ceftaroline 
for the treatment of a broad-spectrum of severe MRSA infections, such as bactere-
mia, infective endocarditis, nosocomial pneumonia and central nervous system 
(CNS) infections, as reported in a recently published systematic review [23]. Major 
advantages of ceftaroline compared with vancomycin are the broader spectrum of 
activity, higher potency against MSSA and the favorable tolerability profile, with 
low potential of renal toxicity. Moreover, ceftaroline does not require therapeutic 
drug monitoring. Overall, ceftaroline is well tolerated and only mild adverse effects 
are usually reported for treatment durations <7 days. However, agranulocytosis has 
been listed as a postmarket adverse event, occurring in up to 10% of patients, usu-
ally when treatment duration exceeds 7 days.

A potential concern in the use of ceftaroline is represented by the selection of 
resistant strains, due to alterations in the ceftaroline-binding site of PBP-2a [23]. 
Synergistic in vitro activity has been reported for ceftaroline in combination with 
daptomycin against MRSA, and potential in vivo efficacy is suggested by some case 
reports on severe MRSA infections (including persistent bacteremia) successfully 
treated with ceftaroline plus daptomycin; however, evidence is lacking and further 
studies are required to bring this strategy into wide clinical practice [24].

37.6  Ceftobiprole

Ceftobiprole, together with ceftaroline, belongs to the group of fifth generation 
cephalosporins, and is characterized by potent anti-MRSA activity. Unlike cef-
taroline, ceftobiprole is also active against Enterococcus faecalis (but not E. 
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faecium) and exerts activity against P. aeruginosa superior to that of cefepime 
[25]. Ceftobiprole is currently approved by the FDA for the treatment of cSSTIs 
and by the EMA for the treatment of pneumonia (except VAP). In registrative 
clinical trials, ceftobiprole medocaril has been investigated for the treatment of 
CAP requiring hospitalization and HAP (including VAP) [25, 26]. Ceftobiprole 
(500 mg every 8 h, intravenously) was as effective as the comparator in CAP (cef-
triaxone with or without linezolid) and in HAP (ceftazidime plus linezolid), pro-
viding cure rates of 86.6% and 59.6%, respectively. However, reported cure rates 
were only 23.1% in patients with VAP and for this reason the compound has not 
been approved by the EMA for use in this subset of patients [26, 27]. The approved 
dose of ceftobiprole is 500 mg every 8 h intravenously; however, an open-label 
study evaluating pharmacokinetics of ceftobiprole (1 g every 12 h versus 1 g every 
8 h, both as 4-h infusions) among adult patients hospitalized in the intensive care 
unit (ICU) has recently been completed and results are pending (ClinicalTrials.
gov Identifier: NCT00770978).

37.7  Ceftaroline/Avibactam

The combination of ceftaroline with avibactam broadens the antimicrobial spectrum 
of ceftaroline to include ESBL- and KPC-producing Enterobacteriaceae and anaer-
obes; conversely, no significantly enhanced activity against P. aeruginosa and A. 
baumanii has been reported [28]. Safety, tolerability and pharmacokinetics of cef-
taroline/avibactam were evaluated in a Phase 1 study conducted in 60 healthy adult 
subjects. Ceftaroline/avibactam was well tolerated at total daily doses of up to 
1800 mg of each compound, and all adverse events were mild-to-moderate in sever-
ity and were mainly represented by diarrhea, dry mouth and headache. Infusion-site 
reactions were the most common adverse events reported after multiple intravenous 
doses [29]. A Phase 1 study analyzing the pharmacokinetic profiles of ceftaroline 
and avibactam following intravenous administration of ceftaroline/avibactam in 
adults with augmented renal clearance has been completed (ClinicalTrials.gov 
Identifier: NCT01624246). A Phase 2 study comparing treatment with ceftaroline/
avibactam versus doripenem for the treatment of adult patients with cUTIs has 
recently been completed and results are pending (ClinicalTrials.gov Identifier: 
NCT01281462). Because of its broad-spectrum activity, with a good tolerance pro-
file, ceftaroline/avibactam might represent a potential option for the treatment of 
infections due to ESBL- or KPC-producing Enterobacteriacae, particularly when a 
concomitant empiric or targeted treatment against MRSA is required.

37.8  Tedizolid

Tedizolid is a new oxazolidinone and is currently approved by FDA and EMA or the 
treatment of acute bacterial SSTIs, when a Gram-positive pathogen, including 
MRSA, is confirmed or suspected. Tedizolid is available both as oral and 
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intravenous formulations and the recommended dosage is 200 mg every 24 h for 
6 days. Tedizolid is characterized by potent in vitro activity against Gram-positive 
pathogens, including MRSA, with a four- to eight-fold greater activity than line-
zolid and retained activity against linezolid non-susceptible strains [30]. Major 
advantages of tedizolid over linezolid are the lower risk of myelotoxicity [31], the 
lower risk of drug–drug interactions with selective serotonin reuptake inhibitors 
(SSRIs) and other compounds with serotonergic activity, and adrenergic agents 
[32], and a higher bioavailability (>80%), with in vivo half-life value approximately 
two-fold greater compared with linezolid, allowing once daily administration [33]. 
PK/PD studies showed that tedizolid achieves approximately 40-fold higher con-
centrations in epithelial lining fluid relative to free plasma ones, making tedizolid an 
interesting option for the treatment of pneumonia [34]. Promising data come from 
murine models, showing tedizolid to be as effective as linezolid and more effective 
than vancomycin for the treatment of MRSA pneumonia [35]. A phase 3, random-
ized, double blind study comparing tedizolid (200 mg i.v. once daily for 7 days, or 
14  days in bacteremia) versus linezolid (600  mg i.v. every 12  h for 10  days, or 
14  days for bacteremia) for the treatment of ventilated patients with presumed 
Gram-positive HAP or VAP has recently been completed and results are pending 
(ClinicalTrials.gov Identifier: NCT02019420). A Phase 4 study designed to charac-
terize the pharmacokinetics of intravenous and oral tedizolid in patients with cystic 
fibrosis in currently ongoing (ClinicalTrials.gov Identifier: NCT02444234).

37.9  Imipenem/Relebactam

Relebactam (formerly known as MK-7655) is a novel, intravenous, class A and 
class C β-lactamase inhibitor and is currently under evaluation in combination with 
imipenem/cilastatin for the treatment of resistant Gram-negative infections [36]. In 
vitro studies demonstrated that relebactam restored imipenem’s activity against 
KPC-producing Enterobacteriacae, lowering imipenem MICs from 16–64  to 
0.12–1 mg/L at a concentration of 4 mg/L. Moreover, relebactam is able to lower 
imipenem MICs for P. aeruginosa, particularly in strains with depressed OprD 
expression and increased AmpC expression [36]. Conversely, the addition of rele-
bactam to imipenem does not seem to provide any adjunctive benefit against A. 
baumanii or S. maltophilia or against MBL-producing Enterobacteriacae [36]. A 
non-inferiority, Phase 3 trial evaluating the efficacy and safety of imipenem/rele-
bactam compared to piperacillin/tazobactam for the treatment of HAP and VAP 
(ClinicalTrials.gov Identifier: NCT02493764) is currently recruiting. A Phase 3 
study evaluating the efficacy and safety of imipenem/relebactam (200/100–
500/250 mg depending on renal function) compared to colistimethate sodium plus 
imipenem/cilastatin for the treatment of imipenem-resistant bacterial infections, 
including HAP, VAP, cIAIs and cUTIs, has recently been completed and results are 
pending (ClinicalTrials.gov Identifier: NCT02452047). In Phase 2 trials, imipenem/
relebactam was well tolerated, with diarrhea, nausea, vomiting and headache being 
the most commonly reported adverse events [37].
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37.10  Meropenem/Vaborbactam

Vaborbactam (formerly known as RPX7009) is a new class A and class C 
β-lactamase inhibitor and is currently in Phase 3 clinical development in combina-
tion with meropenem for the treatment of infections due to resistant Gram-
negative pathogens [38]. Similar to relebactam, vaborbactam broadens the 
spectrum of activity of meropenem against KPC-producing Enterobacteriacae 
and was found to be effective in lowering meropenem MIC50 from 32 to 0.06 g/
mL and MIC90 from 32 to 1 g/mL in a study encompassing 991 isolates of KPC-
producing Enterobacteriaceae [38]. In a Phase 1 study in healthy adult subjects, 
vaborbactam showed a favorable tolerability profile, with no serious reported 
adverse events. Mild adverse events were mainly represented by headache and 
catheter site complications [39]. Meropenem/vaborbactam was approved by the 
FDA on August 2017 for the treatment of cUTIs, based on the results of the 
TANGO1 trial, demonstrating the superiority of meropenem/vaborbactam (2/2 g 
every 8 h) over piperacillin/tazobactam (4/0.5 g every 8 h) for the treatment of 
cUTIs and acute pyelonephritis in adult patients [40]. A Phase 3 study evaluating 
the efficacy, safety and tolerability of meropenem/vaborbactam compared to best 
available therapy for the treatment of CRE infections has recently been com-
pleted. Meropenem/vaborbactam showed consistent improvement over best avail-
able therapy in efficacy endpoints, with improved safety and tolerability, as 
reported in preliminary data [41].

37.11  Cefiderocol

Cefiderocol (formerly known as S-649266), is a novel siderophore cephalosporin 
characterized by broad-spectrum activity against Gram-negative pathogens (includ-
ing CRE and MDR P. aeruginosa spp., A. baumanii spp. and Burkholderia spp.) due 
to stability against class A, B, C and D carbapenemases. As for other cephalospo-
rins, cefiderocol binds primarily to bacterial PBP3, but the catechol moiety at the 
3-position side chain of the cephalosporin forms a chelated complex with ferric iron 
that promotes cefiderocol’s crossing of the outer membrane of Gram-negative 
pathogens using the bacterial iron transport system. For this reason, although 
cefiderocol’s activity is not impaired by the production of carbapenemases (includ-
ing MBLs), the deficiency of iron-transporters in P. aeruginosa and in E. coli has 
been associated with a 16-fold increase in cefiderocol MICs. Only limited activity 
against Gram-positive pathogens and anaerobes has been described [42].

Population pharmacokinetic analysis based on plasma cefiderocol concentra-
tions in healthy subjects, subjects with various degrees of renal function, and 
patients with cUTI or acute uncomplicated pyelonephritis caused by Gram-
negative pathogens suggested that a cefiderocol standard dose of 2 g every 8 h may 
guarantee adequate exposure for the treatment of cUTI or acute pyelonephritis 
caused by Gram-negative pathogens [43]. A Phase 2 study comparing cefidero-
col (2 g every 8 h) with imipenem/cilastatin (1 g every 8 h) for 7–14 days for the 
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treatment of hospitalized adults with complicated urinary tract infections caused 
by Gram-negative pathogens has recently been completed (ClinicalTrials.gov 
Identifier: NCT02321800). A Phase 3, multicenter, randomized, open-label clini-
cal study comparing cefiderocol with best available therapy for the treatment of 
severe infections (including healthcare-associated pneumonia [HCAP], HAP, VAP, 
bloodstream infections and sepsis) caused by carbapenem-resistant Gram-negative 
pathogens (ClinicalTrials.gov Identifier: NCT02714595) and another Phase 3 trial 
evaluating the role of cefiderocol for the treatment of HCAP, HAP and VAP caused 
by Gram- negative pathogens are currently recruiting (ClinicalTrials.gov Identifier: 
NCT0302380).

37.12  Eravacycline

Eravacycline is structurally related to tigecycline, but retains activity against 
tetracycline- resistant bacterial strains expressing both ribosomal protection and 
efflux resistance genes, exerting broad-spectrum activity against both Gram-positive 
and Gram-negative resistant pathogens, including MRSA, enterococci (including 
vancomycin-resistant enterococci [VRE]) and Enterobacteriacae expressing resis-
tance genes from different classes of lactamases (particularly ESBL, KPC and 
OXA), with a two- to four-fold greater activity than tigecycline [44]. Moreover, 
eravacycline currently represents the most potent antibiotic against MDR A. bauma-
nii, with a four-fold higher activity compared with tigecycline, including strains 
resistant to sulbactam, imipenem/meropenem, levofloxacin and amikacin/tobramy-
cin [45]. Eravacycline also exerts potent activity against anaerobic pathogens [46]. 
As for tigecycline, eravacycline is not effective against P. aeruginosa [44].

Together with the broad-spectrum of activity, another attractive characteristic 
of eravacycline is the availability of both intravenous and oral formulations, mak-
ing eravacycline a potential option for early oral de-escalation in patients with 
infections caused by MDR Gram-negative bacteria. However, the oral formulation 
failed the non-inferiority criteria in the treatment of cUTIs in one randomized 
controlled trial (RCT), suggesting that more data on oral formulation efficacy 
and bioavailability are required (ClinicalTrials.gov Identifier: NCT03032510). 
Eravacycline has been recently approved by the FDA for the treatment of cIAI at 
the dose of 1 mg/kg by i.v. infusion over approximately 60 min every 12 h, based 
on a recent Phase 3, randomized, double-blind, multicenter study reporting erava-
cycline to be non-inferior compared with ertapenem for the treatment of patients 
with cIAIs [47]. A Phase 1 study conducted in 20 healthy adult volunteers found 
that eravacycline achieved 6-fold and 50-fold higher concentrations in the epithe-
lial lining fluid and alveolar macrophages than in plasma, respectively, supporting 
the potential role of eravacycline for the treatment of respiratory tract infections 
[48]. Moreover, eravacycline was as effective as linezolid in a neutropenic MRSA 
mouse lung infection model [49]. However, no studies evaluating the potential 
role of eravacycline for the treatment of respiratory tract infections are currently 
ongoing.
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37.13  Omadacycline

Omadacycline is a semisynthetic antibiotic structurally related to tetracyclines, 
and, similar to eravacycline, is not affected by the two main mechanisms of 
tetracycline resistance, represented by efflux pumps and ribosomal protection 
proteins. Omadacycline is characterized by broad-spectrum activity including 
anaerobes and difficult-to-treat aerobic pathogens, in particular MRSA, VRE, 
ESBL- and carbapenemase- producing Enterobacteriaceae, MDR Acinetobacter 
spp. and Stenotrophomonas maltophilia [50]. Safety and pharmacokinetics of 
oral and i.v. formulations of omadacycline have been evaluated in a Phase 1 
study including 24 healthy subjects. The absolute bioavailability of the tablets 
was approximately 34.5% compared with i.v. formulation (a 300  mg dose of 
the tablet formulation produced a total exposure equivalent to that of a 100 mg 
i.v. dose), with consistent intersubject variability. Overall, omadacycline was 
well tolerated, with dizziness, nausea and vomiting being the most frequently 
reported adverse events [51]. Omadacycline (100  mg i.v. once a day with an 
option to transition to 200  mg orally once a day) was non-inferior compared 
with linezolid (with or without aztreonam) for the treatment of cSSTIs in a Phase 
2, randomized trial [52]. The efficacy of oral formulation in clinical practice is 
currently under investigation in a Phase 3 study comparing oral omadacycline 
with oral linezolid for the treatment of acute bacterial skin and skin structure 
infections (ClinicalTrial.gov Identifier: NCT02877927). Omadacycline concen-
trations in epithelial lining fluid have been reported to be similar to or even 
higher than the simultaneous total plasma concentrations, whereas concentra-
tions in alveolar cells are significantly greater than those in plasma and epithelial 
lining fluid, with an overall magnitude of systemic exposure of omadacycline 
approximately three-fold higher than that of tigecycline in plasma, epithelial lin-
ing fluid and alveolar cells [53]. These data make omadacycline a potentially 
interesting option for the treatment of respiratory tract infections, and a Phase 
3 study comparing omadacycline (both intravenous and oral formulations) with 
moxifloxacin for the treatment of CAP has been completed (ClinicalTrials.gov 
Identifier: NCT02531438). Moreover, a Phase 2 trial compering efficacy of oral 
omadacycline with oral nitrofurantoin for the treatment of cystitis is currently 
recruiting (ClinicalTrials.gov Identifier: NCT03425396).

37.14  Plazomicin

Plazomicin is a next-generation aminoglycoside that was approved by the FDA in 
June 2018 for the treatment of cUTIs, including pyelonephritis. Compared with the 
other aminoglycosides, plazomicin has been structurally modified to prevent inacti-
vation by plasmid-borne aminoglycoside-modifying enzymes, which represent the 
main resistance mechanism impairing the activity of traditional aminoglycosides. 
For this reason, plazomicin exerts potent in vitro bactericidal activity against MDR 
Enterobacteriacae, including aminoglycoside-resistant pathogens that encode 
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aminoglycoside- modifying enzymes. However, plazomicin’s activity is impaired 
against strains with 16S ribosomal RNA-methyltransferases that confer pan- 
aminoglycoside resistance [54]. Plazomicin was tested against 4825 clinical isolates 
collected during 2014 and 2015  in 70 US hospitals as part of the ALERT 
(Antimicrobial Longitudinal Evaluation and Resistance Trends) program, and was 
found to be able to inhibit 99.2% of Enterobacteriaceae isolated at ≤4  μg/
mL. Moreover, plazomicin, as well as other aminoglycosides, is effective against P. 
aeruginosa and A. baumanni. Regarding Gram-positive pathogens, plazomicin dis-
plays good activity against staphylococci, but possesses limited activity against S. 
pneumoniae and enterococci [54]. In vitro synergy between plazomicin and piper-
acillin/tazobactam or ceftazidime has been reported against MDR Enterobacteriacae, 
suggesting a potential role of plazomicin both as monotherapy and as combination 
therapy for the treatment of serious infections due to this class of pathogens [55]. 
Moreover, synergy with carbapenems for the treatment of MDR A. baumanii has 
been described [56]. Plazomicin at the dose of 15 mg/kg once daily for 5 days was 
effective in the treatment of adults with cUTIs and acute pyelonephritis (including 
patients with antibiotic-resistant Enterobacteriaceae) in a double-blind, Phase 2 
study comparing plazomicin with levofloxacin [57]. A Phase 3 study comparing 
plazomicin (15 mg/kg daily) with meropenem (1 g every 8 h), with the option to 
switch to oral levofloxacin after at least 4 days, for the treatment of cUTIs has 
recently been completed (ClinicalTrials.gov Identifier: NCT02486627). A Phase 3 
study comparing plazomicin with colistin, both in combination with tigecycline and 
meropenem, for the treatment of serious CRE infections (including HAP, VAP, 
bloodstream infections, cUTIs and acute pyelonephritis) has been completed and 
results are pending (ClinicalTrials.gov Identifier: NCT01970371). As for other ami-
noglycosides, ototoxicity, nephrotoxicity, neuromuscular blockade and fetal harm 
have been described, and therapeutic drug monitoring to minimize the risk of 
adverse effects developing is recommended, particularly in patients with creatinine 
clearance <90 mL/min.

37.15  Lefamulin

Lefamulin (formerly known as BC-3781) is the first-in-class pleuromutilin antibi-
otic and exhibits a unique mechanism of action through inhibition of protein synthe-
sis by binding to the peptidyl transferase center of the 50S bacterial ribosome, thus 
preventing the binding of RNA for peptide transfer [58]. Lefamulin exerts potent 
activity against Gram-positive pathogens (including MRSA and VRE) and atypical 
organisms associated with CAP (e.g., Mycoplasma pneumoniae, Legionella pneu-
mophila and Chlamydophila pneumoniae); moreover, lefamulin retains activity 
against MDR Neisseria gonorrhoeae and Mycoplasma genitalium [58]. Two Phase 
3 studies assessing the safety and efficacy of lefamulin for the treatment of adult 
patients with CAP have recently been completed (ClinicalTrials.gov Identifier: 
NCT02559310 and ClinicalTrials.gov Identifier: NCT02813694) and results are 
pending.
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37.16  Murepavadin

Murepavadin (formerly known as POL7080) represents the first-in-class of outer 
membrane protein targeting antibiotics (OMPTA) and acts by binding to the lipopoly-
saccharide (LPS) transport protein D (LptD), leading to LPS alterations in the outer 
membrane of the bacterium and inducing cell death [59]. In vitro, murepavadin exhib-
its specific and potent antimicrobial activity against P. aeruginosa, but was shown to 
be inactive against other Gram-negative species, including other Pseudomonas spe-
cies (e.g., P. luteola, P. oryzihabitans), Stenotrophomonas maltophilia, Burkholderia 
cepacia, Enterobacteriaceae, A. baumannii, and against Gram- positive bacteria [59]. 
Due to good penetration into epithelial lining fluid, murepavadine is currently under 
investigation for the treatment of respiratory tract infections. In particular, a Phase 2 
study investigating pharmacokinetics, safety and efficacy of murepavadine for the 
treatment of VAP caused by P. aeruginosa has recently been completed (ClinicalTrials.
gov Identifier: NCT02096328), and a multicenter, Phase 3 study comparing murepa-
vadin combined with one anti- pseudomonal antibiotic versus two anti-pseudomonal 
antibiotics in adult subjects with bacterial VAP suspected or confirmed to be caused 
by P. aeruginosa is currently ongoing (ClinicalTrials.gov Identifier: NCT03409679).

37.17  Conclusion

Many new drugs with broad-spectrum activity against MDR pathogens, which still 
represent a major challenge in clinical practice because of the lack of new therapeu-
tic options, have been recently approved or are in an advanced stage of develop-
ment. All these compounds represent promising options to enhance our antibiotic 
armamentarium, taking into account also their favorable toxicity profile and the 
availability of oral formulations. However, few data regarding the efficacy of these 
agents in real-life are currently available, and their role in therapy in many cases 
requires further investigation.
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38Target Controlled Infusion in the ICU: 
An Opportunity to Optimize Antibiotic 
Therapy
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38.1  Introduction

Infection is a common yet important problem for patients admitted to intensive care 
units (ICUs) around the world and is a major cause of morbidity, mortality and costs 
[1]. Appropriate antibiotic therapy is a key element in the management of severe 
infections and it is important to achieve an adequate dose of the appropriate antibi-
otic at the site of infection. Treatment outcomes for severe infections remain poor, 
with critically ill patients having the highest mortality rates [2]. There are two 
important contributors to this worse outcome in critically ill patients. First, infection 
paradigms are largely based on infection models and clinical data that do not spe-
cifically compensate for the altered antimicrobial pharmacokinetics (PK) and sever-
ity of illness of these patients, which can lead to inadequate antibiotic dosing. 
Second, infections in ICU patients are increasingly caused by multidrug resistant 
(MDR) pathogens, which are associated with even worse outcomes [3]. This makes 
appropriate antibiotic therapy very challenging in critically ill patients and exempli-
fies the need for individualized antibiotic therapy in order to increase the accuracy 
of dosing and optimize outcomes [4].

In recent years, several solutions have been proposed to improve antibiotic dos-
ing. Several studies have described the variability of antibiotic concentrations after 
standard dosing, and PK models have been described for many of the antibiotics 
commonly used in the ICU. These can help to improve antibiotic administration by 
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adapting the dose of the antibiotic, the method of administration or the interval 
between doses. Although it is evident that dosing based on PK models results in 
improved target attainment, and software packages are available to be used at the 
bedside, individualized antibiotic dosing has not been adopted in most ICUs [5, 6].

One of the strategies to increase target attainment for β-lactam antibiotics has been 
the use of continuous infusion. β-lactam antibiotics are time-dependent antibiotics, 
which means that keeping the concentration above a target concentration increases the 
efficacy of the drug. Continuous infusion of selected β-lactam antibiotics is used widely 
in some countries, with meropenem, piperacillin/tazobactam and ceftazidime most fre-
quently administered as continuous infusions. Other antibiotics are also increasingly 
administered continuously, for example, vancomycin and linezolid [6–8].

This alternative administration method offers an opportunity for the application of 
target-controlled infusion (TCI) for antibiotic dosing. Primarily developed as a method 
for improved dosing of sedatives and analgesics in anesthesia, we hypothesize that TCI 
may also be used to individualize and optimize antibiotic dosing. In this chapter, we will 
provide an overview of the current status of TCI in critical care, highlight the importance 
for individualized antibiotic therapy in critically ill patients and discuss potential for TCI 
and antibiotic therapy to optimize antibiotic exposure and maximize effectiveness.

38.2  Target-Controlled Infusion History and Current 
Applications

38.2.1  What is a TCI-System?

TCI is a technique of continuously infusing intravenous drugs and is mainly known 
in the field of anesthetics. TCI allows the clinician to target a predefined predicted 
concentration in a specific body compartment or tissue of interest. The computer 
then calculates the optimal infusion rate required to achieve this concentration as 
fast as possible without overshooting the target. An on-line coupled infusion pump 
then delivers this optimal infusion regimen to the patient. The TCI system calculates 
the optimal infusion rate considering several patient specific covariates (e.g., age, 
weight, estimated creatinine clearance and the predefined target plasma concentra-
tion). For so-called open-loop TCI systems, the infusion scheme is static, whereas 
in closed-loop TCI it considers feedback from (continuously) measured variables 
(e.g., somatosensory evoked potentials to assess the anesthetic depth, blood pres-
sure, measured blood concentrations, exhaled drug concentrations). TCI infusion 
systems have been used clinically in anesthesia for over two decades with an esti-
mated 2.6 million patients in Europe receiving drugs by TCI annually [9, 10].

38.2.2  History and Current Applications

TCI technology is based on more than 30 years of research and is commercially 
available for several drugs. In 1996, ‘Diprifusor’ was the first microprocessor target 
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controlled system to be commercially available. Since its commercialization in 
1996, more than 60,000 first- and second-generation TCI pumps have been sold 
worldwide. Nowadays, TCI is mainly used to administer propofol and opioids. For 
this purpose, an accurate PK/PD model is required. For the first commercialization 
of the TCI-pump there was only one PK/PD model available, namely the PK/PD 
model of Marsh et  al. [11]. Because this PK/PD model is not the most suitable 
model for all patient subpopulations, new or expansions of the existing Marsh 
model have since been developed (e.g., the Shnider and Eleveld model). Most of the 
commercially available open-TCI pumps now also include an integrated PK/PD 
model published by Schnider et al., which offers more detailed covariate selection, 
such as age, sex, weight and height [12–16]. For an exhaustive overview of the his-
tory and development of currently used TCI systems the reader is referred to publi-
cations by Struys et al. and Absalom et al. [10, 17].

Propofol is the most well-known anesthetic drug for which the TCI concept is 
applied. In addition to the use of propofol, TCI is also used for other hypnotics, such 
as dexmedetomidine, and other drug classes, such as opioid and neuromuscular 
nondepolarizing agents [18].

38.3  Target-Controlled Infusion in Critical Care Medicine

Only a limited number of articles have described the use of TCI in critically ill 
patients and, so far, the focus has been on its use with hypnotics or analgesics. 
Propofol TCI has been used for sedating patients with respiratory failure with low 
tolerance to non-invasive ventilation (NIV) [19]. Arterial blood gases improved sig-
nificantly in 10 patients who received TCI propofol during 85 NIV sessions. TCI 
enabled NIV to be well tolerated by all patients. During almost 99% of the infusion 
time, the sedation level was at the desired level, and patients recovered promptly 
[19]. Propofol TCI has been compared to midazolam for the treatment of refractory 
status epilepticus, and found to be equally effective, and associated with shorter 
hospital stays [20].

TCI has also been studied for the administration of dexmedetomidine in ICU 
patients. In patients after abdominal aortic aneurysm surgery, dexmedetomidine TCI 
requirements were much higher after remifentanil anesthesia than after fentanyl [18].

Chalumeau-Lemoine et al. evaluated remifentanil TCI in patients requiring fiber-
optic bronchoscopy in a mixed ICU population. Fourteen patients received remifen-
tanil TCI without severe hemodynamic or respiratory complications, and patients 
reported low pain levels [21]. Rezaiguia-Delclaux et al. also reported on the use of 
remifentanil TCI to facilitate fiberoptic bronchoscopy after postoperative thoracic 
surgery in non-intubated patients who had failed bronchoscopy by topical anesthe-
sia. Remifentanil TCI was effective and acceptably safe [22].

In postoperative cardiac surgery patients, patient-controlled hydromorphone TCI 
offered satisfactory postoperative pain therapy with moderate side effects [23].

In summary, TCI is used only sparsely in the ICU and, when this is the case, it is 
used for the administration of hypnotics and/or analgesic drugs. Patient numbers are 
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consistently small, and studies may be underpowered for many clinically relevant 
endpoints. Furthermore, studies are often non-comparative, and the advantage of TCI 
for critically ill patients has not been appropriately studied in the majority of them.

38.4  Target-Controlled Infusion for Antibiotic Therapy

38.4.1  Advantages of TCI for Antibiotics

In comparison to manually controlled infusions, TCI systems have several (the-
oretical) advantages. First, TCI systems achieve the target plasma concentration 
faster without a significant overshoot of the target. Whereas conventionally a 
loading dose followed by a maintenance dose are required to attain timely 
steady-state drug exposure, TCI systems automate this process by continuously 
adjusting the drug infusion rate to exactly match the disposition and elimination 
kinetics of the drug during treatment [24]. Second, treatment individualization 
is made easy via the use of population PK models and associated covariate mod-
els implemented in the TCI devices. In comparison to dosing nomograms, which 
are practicable for a limited number of patient characteristics only, there is no 
limit on the number of patient characteristics and the complexity of the covari-
ate models used in population PK models. Moreover, dosage adjustments with 
TCI are continuous, unlike dosage adjustments described in nomograms, which 
are limited to discrete (practicable) changes in infusion rates, dose strengths, 
dosing intervals, etc.

TCI has the additional advantage of flexibility. Once adequately validated, it 
allows the selection of a patient-tailored target. This reduces the selection of an 
optimal dosing regimen for a specific patient to the selection of the appropriate tar-
get concentration for a specific patient, which is the true cornerstone of patient- 
tailored treatment. Moreover, the use of TCI guarantees that, once consensus has 
been reached on the optimal therapeutic target for a specific patient, the dosing regi-
men administered to reach this target will be identical across countries, hospitals, 
wards, etc.

Combined with the extensive experience in the field of anesthesia this offers, in 
our opinion, the opportunity to introduce model-informed personalized dosing of 
antibiotics via a dosing device that is already somewhat familiar to many practitio-
ners. This familiarity might overcome some of the current resistance and could 
facilitate widespread implementation of model-informed precision dosing.

38.4.2  Available Data

Currently, data on the use of TCI in antibiotic therapy are scarce, and the aforemen-
tioned advantages of TCI over manually controlled infusions have been evaluated in 
silico by two groups of authors, in two pre-clinical studies and one clinical study. 
Below is an overview of available data on TCI in antibiotic therapy.
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38.4.2.1  Piperacillin
Horton and Black simulated concentration time profiles following TCI, continuous 
infusions and intermittent bolus administrations (according to the drug label) for 
piperacillin. The simulations showed superior PK/pharmacodynamic (PK/PD) tar-
get attainment and a significant decrease (±30%) in total daily drug usage for the 
TCI group. Based on these results, the authors concluded that, for piperacillin, TCI 
appears to offer cost, efficacy and potential safety advantages over continuous infu-
sions and intermittent bolus dosing [24].

38.4.2.2  Vancomycin
Colin et al. [25] conducted a clinical trial simulation based on published population 
PK models for vancomycin. Performance metrics, such as PK/PD target attainment 
and the attainment of potentially toxic concentrations, were compared between pub-
lished (therapeutic drug monitoring [TDM]-based) dosing recommendations for 
continuous dosing and a virtual TCI system based on the Thomson model [26], with 
or without TDM-based Bayesian forecasting. The results showed superior perfor-
mance of adaptive TCI (aTCI) (where TCI is combined with infrequent TDM sam-
pling) over conventional dosing guidelines, most notably in the first 2 days of therapy. 
Moreover, the probability of attaining potentially toxic concentrations was negligible 
for aTCI compared to the second-best performing method (25% versus 65%). Finally, 
the authors found that the performance of aTCI, unlike conventional dosing strate-
gies, was consistent across subgroups of patients within the population [25].

38.4.2.3  Amoxicillin and Fosfomycin
At present, practical experience with TCI for dosing antibiotics is very limited. In 
pre-clinical studies computer-controlled infusion has been used to achieve concen-
trations that approximate the concentration-time profile typically seen in humans 
following oral administration. Bugnon et al. [27] and Woodnutt and Berry [28] used 
this approach to deliver fosfomycin and amoxicillin in a rabbit endocarditis model 
and a respiratory tract infection model in rats. Although the intention in these exper-
iments was not to target and maintain a user-defined plasma concentration target, 
they nicely demonstrate the versatility of computer-controlled continuous infusions 
and the steerability of antibiotic concentration time profiles when using TCI.

38.4.2.4  Cefepime
To the best of our knowledge, the only clinical study evaluating TCI performance 
with antibiotics was recently presented by Jonckheere et al. at the 2018 European 
Congress of Clinical Microbiology and Infectious Diseases (personal communica-
tion). Jonckheere et al. prospectively evaluated the performance of a TCI model for 
cefepime in a cohort of 21 ICU patients. In this study, a population PK model previ-
ously developed by the same authors, was used to target a cefepime plasma concen-
tration of 16 mg/L for 1–5 days (median: 4.5 days). Three to fourteen (median: 10) 
blood samples were drawn per patient and performance metrics were characterized 
according to Varvel et al. [29]. The median absolute prediction error (MdAPE: a 
measure of accuracy) and the median prediction error (a measure of bias) were 
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28.7% and 20.3%, respectively. Except for the positive bias, which was caused by 
an overestimation of the central compartment (V1) in the tested TCI model, perfor-
mance was acceptable (i.e., MdAPE <30%) and in line with the performance of 
current PK models used in TCI pumps in anesthesia.

38.4.3  Challenges for the Implementation of TCI for Antibiotic 
Therapy

At the moment, the use of TCI outside anesthesia is limited to a handful of specific 
applications. In our opinion, TCI is ideally suited for dosing of intravenous antibiot-
ics (for reasons outlined earlier) and some evidence is available suggesting that 
patients might benefit from switching from manually controlled infusions to 
TCI. Nevertheless, we envision some specific challenges that should be addressed 
to expedite the use of TCI for antibiotic dosing.

38.4.3.1  PK Model Development
In anesthesia, data-sharing has led to the development of generic population PK 
models for propofol [16] and remifentanil [30]. These models have demonstrated 
superior predictive performance across patient subgroups compared to subgroup 
specific models. In the field of antibiotics, a plethora of subgroup- and context- 
specific population PK models derived from (very) small-sized patient cohorts 
exist. It was previously shown that when applied to external datasets, the perfor-
mance of these PK models differs widely [31, 32]. Large scale data-sharing initia-
tives, such as the “Open TCI Initiative” (www.opentci.org) do not exist for 
antibiotics at the moment and we believe that data-sharing initiatives are neces-
sary to develop robust and generically applicable population PK models to serve 
as input to antibiotic TCI systems.

38.4.3.2  Altered Pharmacokinetics in the Critically Ill Patient
An implicit assumption in current TCI systems for anesthetic drugs is that PK 
parameters within an individual are constant. In anesthesia, this assumption is 
reasonable as the length of TCI drug administration is usually restricted to (sev-
eral) hours. However, appropriate antibiotic therapy often requires several days of 
drug dosing during which the (patho)physiological state of a patient (especially in 
the critically ill) might change dramatically. Hence, the assumption of constant 
within- individual PK parameters is likely inappropriate and TCI systems for anti-
biotics should therefore be able to account for dynamic (disease-related) changes 
during the course of treatment.

38.4.3.3  Use of Therapeutic Drug Monitoring to Enhance TCI 
Accuracy in the Individual Patient

In contrast to anesthetic agents where the effect of treatment is readily visible (seda-
tion state) or easily monitored (electroencephalogram [EEG]-derived measures), no 
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surrogate/clinical endpoints are available to guide antibiotic dosing. As a conse-
quence, treatment individualization depends (solely) on measuring (local) antibiotic 
concentrations, and feedback control systems to individualize the patient’s PK 
parameters during the drug infusion are likely needed to achieve clinically accept-
able precision in PK/PD target attainment.

38.5  Future Perspectives

Opportunities for the application of TCI for antibiotic therapy in critical care are 
multiple. For the optimization of antibiotic treatment, dosing recommendations 
based on PK models and dosing simulations to identify optimized regimens are 
used for patients experiencing PK alterations, such as augmented renal clearance 
or patients infected with high-minimum inhibitory concentration (MIC) bacte-
ria. While this approach is considered a form of therapeutic drug adaptation to 
improve target attainment, it is not individualized when used in a population. 
TDM of antibiotics on the other hand, is commonly seen as a highly individ-
ual strategy to overcome the variability in drug exposure amongst critically ill 
patients. Dose-adaptations based on TDM are commonly predicted and decided 
by the clinician, for example by increasing the dose or the dose-frequency by 
25–50%; alternatively, doses could be predicted from PK software. This TDM-
guided treatment individualization has been shown to increase clinical efficacy 
for vancomycin [33] and reduce mortality rates during aminoglycoside therapy 
[34]. We suggest that the same concept of TDM can be applied in the TCI sys-
tem resulting in a closed-loop, adaptive, TCI system to further refine therapy 
(Fig. 38.1). In the case of antimicrobial drugs, feedback would ideally rely on the 
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Fig. 38.1 Components of adaptive target controlled infusion of antibiotics
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level of bacterial killing. However, in patients, it is not possible to continuously 
monitor the bacterial load. Therefore, we suggest that monitoring of plasma con-
centrations of antibiotics as a surrogate marker for (predicted) bacterial cell kill at 
the focus of infection can be used as feedback for the TCI pump. Closed-loop TCI 
has been explored mainly in the field of anesthetics, but for dose optimization of 
antimicrobial therapy this is a truly innovative and promising strategy to improve 
target attainment in critically ill patients.

The use of TCI in the ICU is not limited to the few antibiotics that have been studied 
so far. Apart from piperacillin, vancomycin and cefepime, the concept could also be 
applied to administer any drug that can be given as a continuous infusion (Table 38.1).

38.6  Conclusion

TCI has been adopted by many and is currently an established approach for administer-
ing anesthesia. In other specialties and for drugs other than those used in anesthesia, 
experience is very limited. As continuous infusion is also commonly used for many 
drugs in critical care, and as important PK variability is present for many of them, TCI 
can be considered an interesting concept for the ICU. More specifically, and although 
many challenges are present, TCI would offer a practical solution for improved admin-
istration of antibiotics. Research is needed to confirm that target attainment is better, 
and the role of TDM in an adaptive TCI approach also requires further investigation.
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39Antimicrobial Stewardship in Sepsis

E. Plata-Menchaca, E. Esteban, and R. Ferrer

39.1  Introduction

Sepsis is a leading cause of death and life-threatening condition, affecting more than 
19 million people each year, in which chances of survival mainly depend upon the 
effective accomplishment of timely, accurate, rational and protocolized treatment 
interventions [1, 2]. Current initiatives aimed to improve sepsis awareness and early 
treatment are intended to halt the catastrophic consequences of systemic errors occur-
ring even within some experienced medical institutions where training programs pro-
moting early sepsis diagnosis and management protocols are being encouraged [3].

In recent years, high-quality evidence has demonstrated the development of stan-
dardized approaches for protocolized care and early resuscitation in sepsis to be the 
best approach not only to reduce deaths, but also to prevent such systemic errors [4]. 
The Surviving Sepsis Campaign (SSC) guidelines established a set of recommenda-
tions, including the early administration of broad-spectrum antibiotics, preferably 
within 1 h from time of presentation [2, 5]. Furthermore, the current SSC bundle 
update [6] is an instrument in which authors simplified the 3- and 6-h bundles into 
the 1-h bundle as a means of providing health-care education and achieving improve-
ments in sepsis management. A summary of the SSC bundles from 2012 to 2018 is 
provided in Box 39.1.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-06067-1_39&domain=pdf
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Box 39.1: Surviving Sepsis Campaign Bundles from 2012 to 2018

2012 2016 2018
6-h Resuscitation bundle:
 1. Measure serum lactate.
 2.  Obtain blood cultures 

prior to antibiotic 
administration.

 3.  Administer broad- 
spectrum antibiotics 
within 3 h from time of 
presentation.

 4.  In the event of hypotension 
and/or lactate >4 mmol/L:

    (a)  Deliver an initial 
minimum of 20 mL/
kg of crystalloid (or 
colloid equivalent).

    (b)  Apply vasopressors 
for hypotension not 
responding to initial 
fluid resuscitation to 
maintain mean 
arterial pressure 
(MAP) ≥65 mmHg.

 5.  In the event of persistent 
hypotension despite fluid 
resuscitation and/or 
lactate >4 mmol/L:

    (a)  Achieve central 
venous pressure 
(CVP) of ≥8 mmHg.

    (b)  Achieve central 
venous oxygen 
saturation (ScvO2) 
of ≥70%.

24-h Management bundle:
 1.  Administer low-dose 

steroids for septic shock 
in accordance with a 
standardized ICU policy.

 2.  Administer drotrecogin 
alfa (activated) in 
accordance with a 
standardized ICU policy.

 3.  Maintain glucose control 
≥lower limit of normal, 
but <150 mg/dL.

 4.  Maintain inspiratory 
plateau pressures <30 cm 
H2O for mechanically 
ventilated patients.

3-h bundle:
1.  Measure serum 

lactate.
2.  Obtain blood 

cultures prior to 
antibiotic 
administration.

3.  Administer 
broad-spectrum 
antibiotics within 
3 h from time of 
presentation.

4.  Administer 30 mL/
kg crystalloid for 
hypotension or 
lactate ≥4 mmol/L

6-h bundle:
1.  Apply vasopressors 

for hypotension not 
responding to initial 
fluid resuscitation to 
maintain MAP 
≥65 mmHg.

2.  In the event of 
persistent 
hypotension despite 
fluid resuscitation 
and/or lactate 
>4 mmol/L:

   (a) Measure CVP.
   (b)  Measure 

ScvO2 of 
≥70%.

 3.  Re-measure lactate 
if initial lactate was 
elevated.

1-h bundle:
 1.  Measure lactate level. 

Re-measure if initial 
lactate is >2 mmol/L 
(Weak recommendation, 
low quality of evidence).

 2.  Obtain blood cultures 
prior to administration of 
antibiotics (Best practice 
statement).

 3.  Administer broad-
spectrum antibiotics 
(Strong recommendation, 
moderate quality of 
evidence).

 4.  Rapidly administer 
30 mL/kg crystalloid for 
hypotension or lactate 
≥4 mmol/L (Strong 
recommendation, low 
quality of evidence).

 5.  Apply vasopressors if 
patient is hypotensive 
during or after fluid 
resuscitation to maintain 
MAP ≥65 mmHg 
(Strong recommendation, 
moderate quality of 
evidence).
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As patient outcomes are time-dependent and first medical contact represents a 
crucial element initiating a series of actions, all healthcare professionals facing a 
suspected case of sepsis should be able to perform initial support interventions even 
while waiting for a clearer diagnosis and treatment [7]. Indeed, cases of suspected 
sepsis pose a great opportunity to apply the 1-h bundle when chances to survive are 
higher [8].

Substantial agreement exists among international experts regarding the establish-
ment of earlier interventions to overcome barriers precluding definitive actions when 
facing a suspected case of sepsis. As such, novel concepts have recently been intro-
duced, as significant delays in the time lapse from first medical contact to administra-
tion of antimicrobial therapy have been observed in pre- and in-hospital settings [9]. 
The ‘door-to-needle’ time of 60 min for antibiotic administration has been proposed, 
depicting global concerns regarding setting up a time-window for effective treatment 
after the onset of symptoms [10]. Nevertheless, attaining effective application of insti-
tutional protocols for antimicrobial administration within 1 h of presentation remains 
a challenge. Existing variations determining immediate medication availability [10], 
general beliefs regarding sepsis severity, institutional policies, etc., hinder initiatives 
aimed to encourage improvements in quality of care. Moreover, according to the 
Infectious Disease Society of America (IDSA), stipulating an aggressive, fixed-time 
period may lead to unintended consequences. There is an increased likelihood of pre-
scribing broad-spectrum antibiotics to patients with sepsis-like syndromes in the rush 
to meet the fixed timeframe stipulated for infected patients.

Global concerns regarding the best antimicrobial stewardship interventions are 
being constantly recognized. As such, an outlook into the importance, recent evi-
dence and current strategies regarding antimicrobial stewardship will be presented 
in this chapter.

39.2  Why Creating an Appropriate Antibiotic Stewardship 
Program is Crucial?

Sepsis is a time-dependent condition in which administration of early empirical 
antibiotic treatment and effective source control, improve changes in survival. 
Nevertheless, the frequency of multidrug resistance has been dramatically increas-
ing worldwide, thus limiting our therapeutic arsenal. Some estimates suggest that 
antimicrobial resistance will be responsible for around 10 million deaths annually 
by 2050 [11]. The World Health Organization (WHO) reported more than 50% of 
strains of Escherichia coli and Klebsiella pneumoniae were resistant to third gen-
eration cephalosporins and quinolones in many areas worldwide [12]. Furthermore, 
an overwhelming increase in carbapenem-resistant microorganisms, and extended- 
spectrum β-lactamase (ESBL) producers have been reported. Multidrug resistant 
(MDR) microorganisms increase mortality, hospital length of stay and associated 
costs [13]. This latter situation turns especially dramatic in sepsis, where adequate 
empirical antibiotic therapy is critical for survival. Several initiatives have been 
adopted to fight against this phenomenon, in the way that governments and health 
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agencies have taken over different policies stimulating the development of new anti-
biotics and optimizing the use of current agents. A judicious and optimal use of 
antimicrobials is the core objective of their efforts.

Antibiotic stewardship has been defined as “the optimal selection, dosage and 
duration of antimicrobial treatment that results in the best clinical outcome for the 
treatment or prevention of infection, with minimal toxicity to patients and minimal 
impact in subsequent resistance” [14]. The best antimicrobial therapy was defined 
by Joseph and Rodvold as the four Ds: “right drug, right dose, de-escalation and 
right duration” [15]. We may add that the best antimicrobial therapy should have 
minimal adverse effects and, under the best conditions, an acceptable cost. In addi-
tion, antibiotic stewardship implies de-escalation (substituting an initial antibiotic 
treatment for coverage with a narrower spectrum regimen), removing some agents 
in the case of multidrug therapies, and/or shortening treatment duration.

Despite the fact that antibiotic stewardship has been recognized as good practice 
by clinicians and healthcare institutions, its implementation has been observed to be 
widely variable in different settings. Niederman and Soulountsi [16] described how 
conductance of a de-escalation strategy in ventilator-associated pneumonia (VAP) 
varied from 23% to 74%. The authors also determined some barriers for undertak-
ing such a strategy [16]. The main obstacles for performing adequate antibiotic 
stewardship were: fear of patient deterioration, fear of patients being colonized by 
microorganisms different from those initially isolated, unwillingness to reduce cov-
erage when culture results are negative, and lack of local guidelines for de- escalation. 
The real concern of intensivists when taking care of patients with sepsis, is to deter-
mine whether antibiotic stewardship represents safe practice. This question seems 
crucial, considering that patient cure is our main goal. Different tools have been 
developed in order to ensure antibiotic stewardship is safe. These include the devel-
opment of antibiotic stewardship programs, novel microorganism identification 
techniques and the use of biomarkers to guide decisions.

Combination antibiotic therapy is commonly required to ensure adequate empiric 
coverage, yet pathogen isolation or a favorable clinical response, even with negative 
culture results, allow “getting it right up front” treatment to be subsequently narrowed 
into a tailored therapy of the shortest acceptable duration [17]. The main purposes 
of antibiotic de-escalation programs are focused on reducing antimicrobial resistance 
and adverse drug-related events. However, the frequency of antibiotic de-escalation 
has been widely variable among studies. Mokart et al. [18] reported that de-escalation 
occurred in 40% of septic patients in an oncologic intensive care unit (ICU), although 
it had no impact on patient outcomes. Adequate empirical antibiotic treatment and 
compliance to guidelines for the use of empirical anti-pseudomonal antibiotics were 
independently associated with the frequency of de-escalation [18]. Several initiatives 
promoting streamlining of antimicrobial therapy have been implemented to increase 
the frequency of antibiotic de-escalation. The ABISS-Edusepsis project (AntiBiotic 
Intervention in Severe Sepsis, www.edusepsis.org), evaluated the impact of a quality 
improvement intervention focused on time-to-antibiotic in patients with severe sep-
sis. After the intervention, time-to-antibiotic in children was reduced from 60 (21.2–
131.2) to 30 (21.1–60) min (p < 0.001). The percentage of patients who had antibiotic 
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de-escalation was 50% and 48% before and after the intervention, respectively [19]. 
Similar results have been observed in adults. In Spain, an educational intervention con-
sisting of a multifaceted educational program on sepsis care (with special emphasis on 
antimicrobial management) was performed. This intervention involved medical and 
nursing staff from different hospital departments (emergency department, medical and 
surgical wards, and ICU) [20]. In this trial, which included 2628 adult patients in 72 
ICUs, a non-significant reduction in mortality was observed; however, the mean time 
from sepsis onset to empirical antibiotic therapy was reduced (2.5 ± 3.6 vs 2.0 ± 2.7 h, 
p = 0.002), the proportion of inappropriate empirical treatments was decreased (8.9% 
vs 6.5%, p = 0.024), and the proportion of patients in whom antibiotic treatment was 
de-escalated was increased (16.3% vs 20.1%, p = 0.004). Of note, the observed benefits 
after the intervention were maintained during the long- term follow-up period.

39.3  Antimicrobial Stewardship Programs

Antimicrobial stewardship programs have been created to support physicians’ 
decisions, in order to ensure appropriate antimicrobial treatments (Fig.  39.1). 
Each hospital should create specialized teams addressed to organize such 
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Fig. 39.1 Antibiotic stewardship for sepsis. Empirical treatment should be established within the 
first hour of diagnosis, according to clinical suspicion. De-escalation begins when narrowing anti-
microbial spectrum: tailored treatment. Optimization of treatment doses and search for adequate 
source control are crucial steps for appropriate antimicrobial prescription. When achieving clinical 
improvement and completing treatment course, stop antimicrobials. Antibiotic oversight/expert 
consultations and closed-loop communications between laboratory (LAB) and the intensive care 
unit (ICU) should be encouraged. PCT procalcitonin, MB microbiological, MO microorganism, 
MIC minimum inhibitory concentration, PK/PD pharmacokinetics/pharmacodynamics, CRRT 
continuous renal replacement therapy, TDM therapeutic drug monitoring, ∆PCT change in procal-
citonin concentration
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programs, according to their available staff and budget [7]. There is no fixed 
mold for ideal team creation, therefore, each hospital should try to adapt its 
own program to surrounding circumstances. The Centers for Disease Control 
and Prevention (CDC) has identified seven core elements to obtain an efficacious 
model: leadership commitment, drug expertise, action, accountability, tracking, 
reporting and education. Interventions to improve antimicrobial use are summa-
rized in Box 39.2 [21].

Most specialized teams include an infectious disease physician or pharmacist, 
microbiologist, hospital epidemiologist and clinicians in charge. In sepsis, inten-
sivists with expertise in management of severe infections play a determinant role. 
Antimicrobial stewardship programs use several strategies, such as restrictive pre-
scriptive authorities (their role is limited in sepsis, when antibiotics are emergently 
needed), prospective review and feedback, educational programs, decisions based 
on clinical guidelines, dose optimization based on drug pharmacokinetic/pharma-
codynamic (PK/PD) properties and computer-assisted decision support programs. 
Yet, are antimicrobial stewardship programs useful? Zhang and Singh conducted 
a systematic review including studies assessing antimicrobial stewardship pro-
grams in different ICUs [22]. They found that 85% of studies had positive results 
for one or more of the following outcomes: the frequency of antibiotic use, ICU 
length of stay, antibiotic drug resistance and prescription- associated costs [22]. 
Of note, many studies have demonstrated the utility of antimicrobial stewardship 
programs in improving antibiotic prescription policies and reducing the economic 
burden of antibiotic prescription, albeit there are few data demonstrating that anti-
microbial stewardship programs are effective to reduce antibiotic resistance.

Box 39.2: Stewardship Interventions to Improve Antimicrobial Use (Defined by 
the Centers for Disease Control and Prevention) [21]

a. Broad interventions
Antibiotic “time-outs” Reevaluation of the continuing need for or 

choice of antimicrobial 48 h after the onset of 
the therapy.

Prior authorization Restrict the use of some antibiotics to ensure 
that use is reviewed with an expert.

Prospective audit and feedback The audits are conducted by experts other than 
the treating team.

b. Pharmacy-driven interventions
Automatic changes from intravenous 
to oral antibiotic

For selected antibiotics in adequate situations

Dose adjustments In case of organ dysfunction
Dose optimization Optimizing therapy for highly drug-resistant 

bacteria
Automatic alerts in situations where 
treatment might be unnecessarily 
duplicative

Simultaneous use of multiple antimicrobials 
with the same spectra

Time-sensitive automatic stop orders Specially in case of surgical prophylaxis
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39.4  Duration of Antimicrobial Therapy in Sepsis

Disregarding specific situations (e.g., infective endocarditis, Gram-negative men-
ingitis), prolonged antimicrobial therapy has not been demonstrated to be benefi-
cial. Indeed, it implies a higher risk of drug-associated adverse effects, higher 
economic costs and ICU/hospital length of stay and antimicrobial resistance. 
Fortunately, the general belief stipulating that ‘the more severe the infection, the 
longer the therapy should be’ has been increasingly substituted by shorter antibi-
otic courses while achieving the same effectiveness. In a review article on the dura-
tion of antimicrobial therapy in the ICU, Zilahi et  al. concluded that shorter 
antibiotic courses were effective and safe, although they did not recommend a “one 
size fits all” approach for all situations [23]. Pugh et al. compared 8-day versus 
5-day courses of antibiotic therapy for VAP and showed that shorter courses of 
therapy increased antibiotic-free days and reduced VAP infections caused by MDR 
microorganisms, while not adversely affecting mortality or treatment failure rates 
[24]. Chotiprasitsakul et al. demonstrated that shorter (6–10 days) versus longer 
regimens (11–16 days) for Enterobacteriaceae bacteremia had similar results on 
clinical outcomes; but a protective effect against MDR Gram-negative bacteria was 
observed [25]. Short courses of treatment for invasive meningococcal disease 
(4-day versus 7-day courses) were also successful without worsening the risk of 
recurrence [26].

Nevertheless, in some circumstances, duration of therapy cannot be well-defined, 
as adjustments of antimicrobial prescription mainly rely on effective source control 
[27]. Therefore, although initiation of antibiotics may represent a difficult decision, 
stopping antibiotic therapy often proves to be even more difficult in some situations. 
The clinical course of complicated intra-abdominal infections and infected necro-
tizing pancreatitis is often protracted, as timely effective control of infection cannot 
be achieved in some cases, favoring the emergence of antimicrobial resistance and 
making antimicrobial stewardship challenging.

39.5  Optimization of Antimicrobial Therapy in Sepsis: 
Pharmacokinetics and Pharmacodynamics

No specific dosing recommendations exist for antibiotics when treating septic 
patients, limiting applicability of conventional recommendations in this clinical 
setting, in which both PK and PD are significantly altered. Antimicrobial PK and 
PD are important considerations for antibiotic success, which may be particu-
larly relevant in critically ill patients with sepsis and septic shock. Pathophysiologic 
changes in sepsis have major effects on PK by increasing volume of distribution 
and augmenting drug clearance, resulting in underdosing of antibiotics fre-
quently administered at conventional doses [28]. Furthermore, important changes 
in drug metabolism are frequently observed in critically ill patients with sepsis. 
All of these changes may result in failure to achieve PD targets for antimicrobials 
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and bacteriological cure, and emergence of antibiotic resistance. Alternative 
approaches to conventional antimicrobial management include the use of pro-
longed infusions of some antibiotics and/or higher doses.

39.6  Diagnostic Stewardship

Diagnostic stewardship is defined by the Global Antimicrobial Resistance 
Surveillance System, developed by the WHO, as the “coordinated guidance and 
interventions to improve appropriate use of microbiological diagnostics to guide 
therapeutic decisions”. This system promotes appropriate and timely diagnostic 
testing, including specimen collection, pathogen identification and accurate and 
timely reporting of results [29]. The implementation of diagnostic stewardship takes 
into consideration different actions, such as regulatory laboratory policies allowing 
physicians to refuse requested diagnostic tests if not appropriate, and educational 
interventions to train practitioners in appropriate requesting and correct sampling. 
Morgan et al. pointed out the potential drawbacks of diagnostic stewardship: reduc-
ing diagnostic test requests, missed diagnoses and the need for close clinical moni-
toring of patients to ensure safety of actions [30]. In addition, clinicians should 
accurately interpret positive cultures, identifying those patients with colonization 
without infection.

One barrier to antimicrobial stewardship defined by Niederman and Soulountsi 
[16] was fear of not treating the causative microorganism in case of negative culture 
results. It is well-known that chances of positivity of microbiological cultures in the 
ICU setting are low. The international Extended Study on Prevalence of Infection in 
Intensive Care (EPIC II) reported a positivity rate of cultures of 51.4% [31]. When 
conventional methods for microbiological identification are used, the time required 
to obtain results often exceeds the critical decision time, precluding antimicrobial 
stewardship implementation. This situation becomes particularly relevant in sepsis, 
where delays from first medical contact to appropriate antibiotic therapy have been 
associated with an increased risk of death [9, 32].

Conversely, far-ranging opportunities are continuously arising for major inno-
vations in antimicrobial stewardship when treating sepsis, as a consequence of 
continuous advances in diagnostic tools based on molecular microbiology. New 
technologies, such as the matrix-assisted laser desorption ionization-time of flight 
(MALDI-TOF), mass spectrometry and polymerase chain reaction (PCR)-assays, 
may improve appropriateness of therapy and favor antimicrobial stewardship [33, 
34]. To date, these techniques might improve patient care and antibiotic streamlin-
ing, but effort is still needed to translate improvements in early microbiological 
diagnosis into fast and appropriate action by physicians. Rapid diagnostic tests 
must be interpreted with caution. The process of ordering and interpreting sophis-
ticated diagnostic tests represents a complex and sometimes confounding task, 
favoring false-positive results. It is not uncommon that clinicians request unsuit-
able diagnostic tests without considering the whole picture of each clinical 
condition.
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39.7  Biomarkers to Guide Antimicrobial Stewardship 
in Sepsis

Currently, there are several biomarkers being used as infection biomarkers. C-reactive 
protein (CRP) and procalcitonin (PCT) are the most widely studied. PCT is a bio-
marker of host response to bacterial infection. The half-life of PCT is around 24 h and 
a progressive decrease in PCT levels is commonly seen in well-controlled infections. 
Studies have shown how PCT-based algorithms have decreased antimicrobial con-
sumption without adversely affecting clinical outcomes in some clinical situations 
[35, 36]. For treatment of low respiratory tract infections, a meta-analysis showed 
significant reductions in duration of therapy when implementing PCT- guided antibi-
otic treatment [37]. However, a recent randomized study did not show any reduction 
in antibiotics with PCT-guided antibiotic use than with standard care [38]; as such, a 
PCT-guided approach may not be adequate for this group of patients. In more severe 
infections, such as sepsis, PCT levels of <0.5 ng/mL or a decrease by 80% of the high-
est PCT peak concentration level have been observed to be useful to support the clini-
cal decision of stopping antibiotics while also predicting favorable outcomes [35, 39]. 
Nevertheless, PCT is a non-specific biomarker of infection as it can be affected by 
other infection-like inflammatory conditions, making its interpretation challenging 
when treating surgical patients. The PCT-based algorithm was not observed to be use-
ful in a single-center study of patients with intraabdominal infection and septic shock 
[40]. Jordan et al. demonstrated that PCT was useful to diagnose bacterial infection in 
children undergoing on-pump cardiac surgery; however, a higher PCT cut-off of 2 ng/
mL was used, rather than the classic cut-off for medical patients [41]. CRP may also 
play a role in antibiotic stewardship. A recent trial of patients with sepsis found that 
CRP was as useful as PCT for reducing antibiotic use, with no associated harm [42].

Infection biomarkers are widely used in daily clinical practice as tools to support 
antibiotic discontinuation in sepsis, providing an opportunity to improve patient 
care; however, they do not substitute for clinical judgement. PCT-based algorithms 
have been incorporated in many antimicrobial stewardship programs. Of note, cut- 
off levels for each biomarker must be carefully interpreted according to the clinical 
condition of each patient.

39.8  The Impact of Antimicrobial Stewardship: Expectations 
and Concerns

According to Doron and Davidson, antimicrobial stewardship programs should con-
sider the following three goals: help physicians to select the most appropriate anti-
biotic, avoid antibiotic overuse and minimize the spread of antimicrobial resistance 
[43]. During the last 15 years, antimicrobial stewardship programs incorporating 
these three goals have been developed in different institutions, and been promoted 
by governments and public health organizations as well.

So far, we have summarized antimicrobial stewardship definitions, institutions 
and settings in which antimicrobial stewardship occurs, and tools for its safe 
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implementation. However, modification of antibiotic prescription dogmas is 
urgently needed. Despite the existing barriers and lack of evidence supporting the 
efficacy of antimicrobial stewardship programs in preventing drug-resistance, we 
can ascertain that we are moving in that direction. Until recently, most studies were 
observational and evidence was limited. Some recent studies have provided new 
data to support antimicrobial stewardship programs in terms of preventing drug-
resistance. Molina et al. [44] conducted a quasi-experimental multifaceted educa-
tional intervention focused on antimicrobial stewardship programs in a tertiary-care 
hospital. The authors found a sustained reduction in antimicrobial consumption, a 
tendency to reduced candidemia and MDR bacteremia, and reduced mortality after 
the intervention [44]. Possibly, more time is needed for the effect of these initiatives 
to be noticed.

The major concern regarding increased antimicrobial stewardship programs is 
the phenomenon denominated ‘squeezing the balloon’: diminishing the use of one 
class of antimicrobials could result in an increased tendency to prescribe one antibi-
otic over another, favoring development of drug resistance. For example, the use of 
quinolones to treat Pseudomonas aeruginosa could result in resistance to both qui-
nolones and carbapenems [45]. The use of clinical guidelines and close surveillance 
provided by antimicrobial stewardship programs could help counter this concern.

When treating suspicious or confirmed cases of sepsis, clinicians must prescribe 
a broad-spectrum antimicrobial within the first hour of diagnosis to reduce the risk 
of morbidity and mortality; yet, this is not the most challenging skill to learn. 
Beyond this, clinicians should try to optimize prescriptions when possible, being 
sensible regarding the responsibility broad-spectrum empirical antibiotic treatment 
involves. Not only will antimicrobial stewardship benefit our patients, it will also 
limit drug adverse effects and undesirable consequences of acquiring resistant 
infections. This latter issue represents a key point in order to protect patients against 
potential MDR infections.

Currently, antimicrobial stewardship programs are one of the best strategies to be 
introduced into a hospital setting. Leadership, team work, antimicrobial steward-
ship frameworks, clinical guideline recommendations on optimal duration of treat-
ments, de-escalation, PCT-based algorithms and new diagnostic stewardship 
approaches will help us to improve quality of care.

39.9  Conclusion

Sepsis is a time-dependent medical emergency in which standardized approaches 
have been developed, using existing evidence, to provide recommendations for 
management in order to lessen heterogeneity and improve patient outcomes. 
Although antibiotic stewardship in sepsis should be assumed as inherent to this 
process, its global diffusion is still challenging.

Beyond advances in sepsis management, educational interventions can still 
improve the delivery of care and patient outcomes. Educational and training pro-
grams should be further assessed and encouraged in order to ensure effective 

E. Plata-Menchaca et al.



517

application of current evidence on appropriate empirical antibiotic prescription, 
reduce the time from sepsis onset to antibiotic treatment, improve assessment of 
risk factors for MDR bacteria and ensure appropriate and timely de-escalation, 
along with ongoing maintenance of these skills. ICU staff training on the acquisi-
tion of core interventions focused on best practice standards while performing an 
antibiotic stewardship program should be advocated, in order to bring reasoning 
into antibiotic prescriptions in daily clinical practice.
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40.1  Introduction

Since the first consensus definition of sepsis almost three decades ago [1], our 
understanding of the clinical characteristics that prognosticate the outcome of this 
complex syndrome has improved [2], resulting in a simpler classification scheme 
[3]. The existing definitions, however, remain imprecise and the clinical diagnosis 
of sepsis corresponds poorly with post hoc presence of infection [4]. Furthermore, 
the outcome of sepsis depends on factors beyond patient signs and symptoms [5], 
including age [6], the infection source [7], and the timing and appropriateness of 
therapeutic interventions [8] (Fig. 40.1). There is currently a promising shift from 
predicting outcome to a pathobiology-driven understanding of the heterogeneity in 
the host response to sepsis, utilizing novel translational high throughput tools and 
analytic methods to define distinct host response subgroups. It is now well recog-
nized that biological markers improve the classification of sepsis and can facilitate 
identification of distinct patient subclasses, or endotypes.
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Both excessive immune activation [9] and immunosuppression [10] are central to 
the pathophysiology of sepsis [11]. A clinical measure of immunosuppression is the 
acquisition of nosocomial infection. However, the development of intensive care 
unit (ICU)-acquired infection is not unique to patients with sepsis and, in fact, its 
incidence is comparable to patients admitted to the ICU without infectious condi-
tions [12]. This finding suggests that mechanisms other than the immune response 
to infection are also contributory, with the key target pathways being (1) endothelial 
activation, (2) coagulopathy and (3) altered glucose and protein metabolism. 
Endotypes with derangements in all of these pathways have been identified, with 
divergent outcomes and differential response to therapies.

In this chapter, we highlight some of the most relevant recent advances in transla-
tional biology that assist in deconvoluting heterogeneity in patient response to sepsis. 
We focus on the use of molecular and metabolomic signatures as well as novel cel-
lular function studies to identify distinct sepsis endotypes (Table 40.1). Identification 
of unique biological signatures in patients with sepsis could enable rational enroll-
ment into clinical trials and, more importantly, enhance our approach to the diagnosis, 
prognosis, as well as individualized treatment to modulate the response to sepsis.
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Table 40.1 Cohort studies of pathobiology-driven patient phenotypic classification

Endotypes Cohort type (n) Key biomarkers
Transcriptomic profiling
Subclass A–C [13] Pediatric septic shock 

(98)
44-gene classifier

SRS1 and SRS2 [14] CAP (265) 7-gene classifier: IDYRK2, DDNB1IP1, 
TDRD9, ZAP70, ARL14EP, MDC1  
ADGRE3

SRS1_FP and 
SRS2_FP [15]

Fecal peritonitis 
(117)

6-gene classifier: CD163, CDHHC19, MME, 
FAM89A, ZBP1, B3GNT2

Mars1-4 [16] All-cause sepsis 
(306)

2-gene ratios: Mars1: BPGM:TAP2, Mars2: 
GADD45A:PCGF5, Mars3: 
AHNAK:PDCD10, Mars4: IFIT5:GLTSCR2

Inflammopathic, 
adaptive, coagulopathic 
[17]

Bacterial sepsis (700) 33-gene classifier

Neutrophil pathways 
[18]

Sepsis with (29) and 
without ARDS (28)

OLFM4, LCN2 2, CD24, BPI

Metabolomics
Energy metabolism 
[27]

Septic shock (39), 
ICU controls (20)

↑Glucose, 3-hydroxybutyrate, 
O-acetylcarnitine, succinate, creatine, creatine 
phosphate
↓Branched-chain amino acids and arginine

Lipid homeostasis and 
tryptophan catabolism 
[28]

Septic shock (20) ↓Unsaturated long-chain PC and LPC, 
kynurenine

Defect in fatty 
acid-β-oxidation [29]

Community-acquired 
sepsis survivors (119) 
and nonsurvivors 
(31)

Acylcarnitine esters, amino/nucleic acid 
catabolites, glycolysis/citric acid cycle 
components

Lipid metabolism [30] SIRS (29), Sepsis 
(30), sepsis-induced 
ARDS (31)

γ-glutamylphenylalanine, γ-glutamyltyrosine, 
1-arachidonoyl-GPC (20:4), 
taurochenodeoxycholate, 3-(4-hydroxyphenyl) 
lactate, sucrose, kynurenine

Lipid metabolism [31] SIRS (42), CAP (67), 
IAI (60), UTI (73) 
BSI (26)

SM C22:3 and, lysoPCaC24:0, lysoPCaC26:1, 
putrescine, lysoPCaC18:0, SM C16:1

Cellular function
Immunophenotype [34] Sepsis (148) Neutrophil, monocyte, and Treg phenotypes
Immunophenotype [35] Sepsis (22) Lymphocyte PD-1/PD-L1 expression
Immunophenotype [36] Sepsis (505) Monocyte and CD3, CD4, CD8 Tcell 

phenotypes
Endothelial 
permeability [37]

Sepsis (35) Supernatants from whole blood treated with 
LPS

Endothelial 
permeability [38]

Primary (12) and 
secondary (6) sepsis

Neutrophils treated with fMLP

CAP community-acquired pneumonia, PC phosphatidylcholines, LPC lysophosphatidylcholines, 
IAI intraabdominal infection, UTI urinary tract infection, BSI bloodstream infection, PD pro-
grammed death, LPS lipopolysaccharide, fMLP formyl, methionyl-leucyl-phenylalanine, SIRS 
systemic inflammatory response syndrome
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40.2  Transcriptomic Profiling

Interindividual transcriptome variation in sepsis has been recently evaluated in sev-
eral large cohorts, with a dysfunctional immune response phenotype being a com-
mon theme. Clinical samples for these studies include peripheral blood leukocytes 
obtained within 24 h of ICU admission from patients with definite or probable 
infection. Unsupervised hierarchical clustering of approximately 25,000 genome- 
wide transcriptomic (gene expression microarray and RNA sequencing) profiles is 
then applied to identify distinct subgroups of patients in a derivation cohort and 
subsequently the findings are verified in at least one validation cohort. These sophis-
ticated data-driven methods have identified patterns among expressed genes that 
define molecular subgroups representing different disease states without reference 
to clinical outcomes, but which could be associated to them. This approach could 
also define clusters indicative of the individual’s premorbid state (age, comorbidi-
ties), illness stage and severity, mortality and genetic predisposition. However, sub-
group membership cannot be distinguished on the basis of these clinical 
characteristics, as was the case for each of the studies summarized later.

One of the first studies to use unsupervised hierarchical clustering to study sepsis 
subgroups within the ICU population was done in a cohort of 98 children admitted 
to pediatric ICUs in the United States with septic shock [13]. Three subclasses were 
identified by differential genome-wide expression patterns: endotype A (29%), 
endotype B (46%), and endotype C (26%). These three classes differed significantly 
in clinical phenotypes including ICU mortality (highest in endotype A at 36% rela-
tive to 11% and 12% in endotypes B and C, respectively), illness severity and degree 
of organ failure (both highest in endotype A), and age (youngest in endotype A). 
The subclasses were also biologically plausible, with the most deranged signaling 
pathways in endotype A involving repression of genes key to the adaptive immune 
system, glucocorticoid receptor signaling, as well as to zinc homeostasis.

Similar methodology has recently been applied to the adult critically ill popula-
tion. Among 265 patients admitted to 29 ICUs in the UK with sepsis due to 
community- acquired pneumonia (CAP) as part of the Genomic Advances in Sepsis 
(GAinS) study, transcriptomic profiles defined two sepsis response signatures 
(SRS1, 41% and SRS2, 59%) [14]. Relative to SRS2 patients, patients in the SRS1 
group had a higher 14-day mortality (22% vs. 10%). SRS1 assignment was associ-
ated with relative immunosuppression, endotoxin-tolerance, T-cell exhaustion, 
human leukocyte antigen (HLA) class II downregulation, and metabolic derange-
ments (switch from oxidative phosphorylation to glycolysis). Of the over 3000 dif-
ferentially expressed genes, seven genes reliably predicted SRS membership. In 
future studies, patients prospectively assigned into SRS1 may benefit from therapies 
that boost their immune system and prevent nosocomial infection.

This analytical approach was subsequently used by the same investigators to 
study the gene expression patterns in 117 patients with fecal peritonitis (FP) [15]. 
Two distinct groups were again identified (SRS1_FP, 46% and SRS2_FP, 54%), 
with patients in the SRS1_FP group also having a higher 14-day mortality (19% vs. 
4%). The findings were strongly correlated with the SRS groups identified in the 
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CAP study [14], again showing enrichment of endotoxin tolerance and T-cell activa-
tion but also in cell death, apoptosis and necrosis. Of the over 1000 differentially 
expressed genes, a simpler six-gene set was derived that predicted group member-
ship. Of note, when gene expression patterns that distinguished SRS groups were 
tested in the pediatric cohort described above [13], the same enrichment was not 
observed (i.e., SRS1_FP [15] and endotype A [13]).

In a group of 306 patients admitted to two ICUs in the Netherlands as part of the 
Molecular Diagnosis and Risk Stratification of Sepsis (MARS) project, four molec-
ular endotypes (Mars1-4) were identified [16]. Mortality at 28 days differed among 
the subgroups and was highest in the Mars1 group at 39%, compared to 22% in 
Mars2, 23% in Mars3 and 33% in Mars4. The Mars1 poor-prognosis endotype had 
a decrease in expression of genes involved in innate and adaptive immune functions 
(Toll-like receptor, nuclear factor-κB signaling [NF-κB], antigen presentation, and 
T-cell receptor signaling) and an increase in expression of cellular metabolic path-
ways (heme biosynthesis), processes which are both analogous to immune exhaus-
tion. Mars2 and 4 endotype had upregulation of pattern recognition and cytokine 
pathways (interleukin [IL]-6, NF-κB, interferon signaling, inducible nitric oxide 
synthase), representing a hyperinflammatory state. Finally, Mars3 was a lower-risk 
endotype with increased expression of adaptive immune pathways (T-helper cells, 
natural killer cells, IL-4 signaling, B-cell development), which was highly corre-
lated with the low-risk SRS2 endotype [14]. A two-gene expression ratio was 
derived to enable classification of each endotype at the time of ICU admission.

In the most recent and comprehensive attempt to identify sepsis subtypes, data 
from 14 transcriptomic datasets consisting of 700 patients revealed three robust host 
response clusters across the sepsis spectrum [17]. These were termed: (1) inflam-
mopathic (increased innate and reduced adaptive immune signal marked by 
increased expression of IL-1 receptor, pattern recognition receptor activity, comple-
ment activation); (2) adaptive (reduced innate and high adaptive immune signal 
with lower mortality, marked by interferon signaling); and (3) coagulopathic (irreg-
ularities in the coagulation and complement systems, including platelet degranula-
tion and glycosaminoglycan binding). Similar to the previous analyses, the three 
groups differed in 30-day mortality, with the highest mortality in the inflammo-
pathic group at 30%, compared to 8% in the adaptive and 25% in the coagulopathic 
groups. A simplified 33-gene classifier was derived to facilitate cluster assignment. 
The assignment into the high-mortality inflammopathic cluster corresponded to 
SRS1 and the low-mortality adaptive cluster to SRS2 [14].

Early transcriptional changes may also have identified patients at risk of sepsis- 
associated complications at the time of ICU admission. One study from our research 
group that investigated 57 patients with sepsis found that the differential expression 
of key mediators of the initial neutrophil response to infection identified patients 
with acute respiratory distress syndrome (ARDS, n = 29) compared to those with 
sepsis who did not have ARDS (n = 28), a finding that could not be attributed to the 
neutrophil count [18].

To date, genome-wide expression studies in sepsis used whole leukocyte popula-
tions. However, distinct gene expression patterns are present among subsets of 
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granulocytes and lymphocytes which represent the specialized function of each of 
these immune cells [19]. Since the transcriptome profile depends on the inflamma-
tory cell type, it is possible that gene expression patterns that distinguish subclasses 
reflect different leukocyte populations instead of within-cell differences in gene 
expression. These findings also require validation in large cohorts spanning differ-
ent countries as variation in ethnic background is a strong determinant of gene 
expression [20].

Nevertheless, these studies provide evidence of distinct categories of the host 
response to sepsis and potential novel therapeutic targets based on differentially 
expressed molecular pathways that distinguish patient endotypes. Furthermore, 
each study proposed potential ‘downsizing’ of the high-dimensional data into man-
ageable predictive signals that could be incorporated into a simpler point-of-care 
test, assisting in translating the findings to the bedside.

40.3  mRNA and Protein Signatures

A more established and more feasible method of biological subclassification of 
patients with sepsis is plasma protein quantification and a vast number of studies 
have classified sepsis using this approach [21–23], which is beyond the scope of this 
review. A noteworthy method that could offer a novel way to derive sepsis sub-
classes is combining molecular and protein biomarkers to predict outcome in 
patients with septic shock. This approach was used to risk stratify pediatric septic 
shock using a previously validated risk score consisting of five plasma protein bio-
markers (PERSEVERE decision tree) [23] and combining these with four top mor-
tality assessment genes [24]. An improvement was noted in the performance of the 
risk score estimating the risk of 28-day mortality (PERSEVERE-XP, area under the 
receiver operating characteristic [AUROC] curve increase from 0.78 to 0.91). The 
plasma biomarkers were associated with dysfunctional inflammation and cellular 
injury whereas the genes were related to the tumor protein 53 (TP53, p53), a tran-
scriptional factor functioning as a tumor suppressor, preventing the generation and 
persistence of cells with genomic damage. Taken together, this approach offers a 
plausible hypothesis regarding biological pathways that result in a poor outcome 
due to septic shock.

40.4  Metabolomics

Metabolomics is an expanding and less familiar method to decipher heterogeneity 
in sepsis. It refers to the global assessment of small metabolites in any biological 
sample, representing a composite ‘snapshot’ of gene expression, enzyme activity, 
and the physiological landscape [25]. More than 5000 metabolites can be detected 
in cells, tissues, or biofluids (blood components, urine) using nuclear magnetic res-
onance (NMR) spectroscopy or mass spectrometry, the latter of which is more sen-
sitive and can detect low-abundant metabolites [26]. The metabolites can include 
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both endogenous (lipids, carbohydrates, amino acids, nucleic acids) and exogenous 
(microbial components and byproducts) compounds. Alteration in endogenous 
metabolite concentration can be linked to biological pathways and the magnitude of 
change relates to the stage of illness, significantly magnifying transcriptome and 
proteome-level shifts. Studies so far included retrospective specimen collection 
with small sample sizes.

1H NMR spectroscopy was used to analyze and compare serum samples derived 
from adults with septic shock and from ICU controls [27]. Sixty metabolites were 
recognized, 31 of which could distinguish between septic shock and ICU control 
patients, proposing a composite biomarker pattern that could differentiate between 
these patient groups. The metabolites were involved in energy metabolism and 
included glucose, 3-hydroxybutyrate, O-acetylcarnitine, succinate, creatine, cre-
atine phosphate as well a decreased level of branched-chain amino acids and argi-
nine. These results suggest that in early sepsis, metabolites involved in energy 
metabolism have a role in the pathophysiology of sepsis.

Alteration in metabolites involved in energy metabolism has also been recog-
nized as key in distinguishing sepsis survivors from non-survivors using mass spec-
trometry to characterize lower concentration metabolites in plasma. In a substudy of 
the ALBIOS (Albumin Italian Outcome Sepsis) trial which enrolled 1818 patients 
with severe sepsis or septic shock, day 1 and 7 plasma samples were studied in 20 
patients, 45% of whom died by day 28 [28]. The study identified 137 metabolites, 
many of which were significantly different between survivors and non-survivors. 
The most notable group of metabolites included a decrease in phosphatidylcholines 
and lysophosphatidylcholines as well as an increase in kynurenine. This decline in 
lipid species, particularly long-chain polyunsaturated fatty acids, may lead to 
increased T-cell activation and an excessive immune response.

The plasma metabolome was similarly studied using mass spectrometry in a sub-
set of 150 patients who were among 1152 individuals with suspected sepsis enrolled 
in the Community Acquired Pneumonia and Sepsis Outcome Diagnostics 
(CAPSOD) study [29]. Of the 439 metabolites analyzed, 214 were detected at both 
day 0 (t0) and at 24 h (t24). Metabolites did not differ at either time point among 
infectious etiologies (Streptococcus pneumoniae, Staphylococcus aureus or 
Escherichia coli). There were 76 metabolites at t0 and 128 metabolites at t24 that 
differed between sepsis survivors and non-survivors at 28 days. Acylcarnitine esters 
of all fatty acid length (medium- or short-chain) and branched-chain amino acid 
biochemical group differences were most pronounced between the two patient 
groups, suggesting that a defect in fatty acid-β-oxidation may occur at the level of 
the carnitine shuttle. Metabolites comprising fatty acid transport, gluconeogenesis 
and the citric acid cycle were also differentially deranged.

Another large cohort that used mass spectrometry for metabolomic profiling to 
study metabolite biomarkers in 60 ICU survivors and 30 ICU non-survivors found 
that of the 187 metabolites tested, 57 were associated with 28-day mortality [30] 
and 31 of them were replicated in the CAPSOD validation cohort [29]. These 
metabolites included diverse lipid, carbohydrate, amino acid and nucleotide prod-
ucts. Higher levels of tyrosine and phenylalanine catabolism products and lower 
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levels of lipid metabolites were associated with mortality. Although this study used 
the same metabolomic datasets as the previously described study [29], a completely 
different network of metabolites was identified, which was also predictive of 28-day 
mortality, implying it is premature to focus on a single metabolite biomarker as 
several could be implicated in the pathobiology of different stages of sepsis.

The largest study to investigate metabolites using mass spectrometry in patients 
with sepsis included 406 patients, 268 of whom were included in a discovery cohort 
(42 patients with systemic inflammatory response syndrome [SIRS], 67 with CAP, 
60 with intraabdominal infection, 73 with urinary tract infection and 26 with blood-
stream infection) [31]. Again, acylcarnitines and lipids were altered in sepsis rela-
tive to SIRS.  A sphingolipid SM C22:3 and glycerophospholipid lysoPCaC24:0 
model discriminated between these two entities with an AUROC of 0.9. The analy-
sis also indicated great heterogeneity in metabolite patterns depending on the ana-
tomic source of infection and thus a one metabolite model was proposed to 
prognosticate unfavorable outcome for each infection type.

40.5  Cellular Function

While molecular, protein and metabolomic biomarkers provide associations 
between sepsis and its outcome, they cannot determine causality and mechanistic 
studies linking these associations to sepsis pathobiology are required. Two poten-
tially high throughput techniques available to study ex vivo relationships between 
cell function and sepsis pathobiology include flow cytometry [32] and electric cell- 
substrate impedance sensing (ECIS) [33].

Immunophenotyping involves the use of flow cytometry and fluorescent-labeled 
monoclonal antibodies to simultaneously label multiple cell surface markers, such 
as those associated with immune dysfunction. In a group of 138 ICU patients 
recruited from four ICUs in the UK, leukocyte dysfunction defined by a combina-
tion of reduced neutrophil CD88 and monocyte HLA-DR as well as an elevated 
proportion of regulatory T cells (CD4+, CD25++, CD127low) was associated with the 
development of nosocomial infection [34]. Lymphocyte dysfunction is also present 
in sepsis and can be quantified by the expression levels of programmed death pro-
tein 1 (PD1) and its ligand PDL1, which promote apoptosis. When peripheral blood 
mononuclear cells from 22 patients with sepsis were compared to healthy controls, 
both PD1 and PDL1 were higher on all lymphocyte subsets (CD4 T cells and  
B cells) in patients with sepsis [35]. Similar to transcriptome and metabolome analy-
ses in sepsis, the early innate and adaptive immune status also vary according to 
infection type [36]. Therefore, the identification of patients with a prespecified 
source of infection who have an immunophenotype amendable to immunomodula-
tory therapy could allow for precision medicine-guided therapy.

The endothelium is one of the primary targets in sepsis. Measuring endothelial 
cell function ex vivo is challenging but our research group developed a novel assay 
(ECIS) that delineates the heterogeneity in endothelial cell response after exposure 
to different patient-derived samples. This assay is based on movement of current 
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across a monolayer of endothelial cells, with a decrease in resistance indicative of 
an increase in vascular permeability. When pulmonary endothelial cells were 
exposed to lipopolysaccharide (LPS)-stimulated leukocyte supernatants derived 
from 35 ICU patients with sepsis, substantial heterogeneity in pulmonary endothe-
lial permeability was observed [37]. The same method was used to test the ability of 
neutrophils from septic patients to induce endothelial damage, demonstrating that 
neutrophils from septic patients with compared to those without ARDS can induce 
greater endothelial damage [38]. This in vitro model of vascular permeability may 
be useful for testing therapeutic agents that could mitigate endothelial injury in 
early sepsis.

40.6  Challenges and Future Directions

Distinguishing consistent biological heterogeneity in sepsis will necessitate over-
coming several technical hurdles. Inclusion criteria ought to be uniform across sites 
to minimize patient selection bias. The timing of sample collection is critical as 
endotype assignment is a dynamic process and nearly 50% of patients cross over 
from one endotype to another over the first 5 days of ICU admission, as demon-
strated by serial sampling on sequential days [15]. Similarly, the duration of altered 
gene expression can vary between patients, and tends to normalize quicker in 
patients who recover faster [39], emphasizing that standardizing sample collection 
timing is crucial. Data collection will also need to be standardized to include com-
mon clinically meaningful outcomes as studies to date use ICU, hospital, 14-, 28-, 
30-, or 90-day mortality. These outcomes represent different endpoints which could 
be measuring different biological processes. Early deaths are more likely to be 
directly attributed to the initial episode of sepsis whereas late deaths may represent 
complications of sepsis beyond nosocomial infections [40]. In the analysis phase, 
standardizing analytical methods will be important to determine whether sepsis can 
be categorized into two, three, four or potentially more endotypes.

It is plausible that the host response to sepsis may be nonspecific and could be 
elicited to different organisms, which invade different organs. Although there is 
evidence that there may be a shared host response at the transcriptome and metabo-
lome level irrespective of the infection type (Gram-positive sepsis and Gram- 
negative sepsis) [29, 41] or the anatomic source of infection [15], the studies to date 
investigating these questions have been relatively small and when pooled data are 
used [42], there is a host gene expression signature that can discriminate sterile 
inflammation from bacterial or viral infections. For this reason, the largest transcrip-
tomic analysis to date restricted analysis to only bacterial sepsis [17]. Also, when 
gene expression data for all-cause sepsis are re-analyzed including patients with 
only pneumonia and peritonitis, the two most common anatomic sources of infec-
tion [7], the proportion of patients assigned to an endotype varies depending on the 
infection source [16]. Metabolites also vary based on infection source, with CAP 
having a different metabolite pattern relative to other sites of infection [31]. A recent 
analysis of the plasma metabolome in H1N1 pneumonia successfully differentiated 
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viral from bacterial culture-positive pneumonia and ventilated ICU controls [43]. 
Therefore, whether sepsis endotypes are truly independent of infection type and 
anatomical source will require large-scale prospective cohort studies with enough 
power to address this question.

In the future, it may be possible to treat distinct manifestations of the host 
response to sepsis based on signatures representing distinct biological pathways 
(Fig. 40.2). Assignment into endotypes could facilitate targeting appropriate thera-
pies to the patient group with a pathway derangement endotype that would most 
benefit. It would also enable appropriate selection into clinical trials investigating 
pathway-driven therapeutics that to date have been unsuccessful largely due to the 
inclusion of a heterogenous group of patients with sepsis.

Validation in large, multicenter, and diverse cohorts is needed prior to transition-
ing from exploration and discovery to testing candidate mRNA, protein, and metab-
olite models. An overarching future collaborative study aim should include 
prospective validation in large cohorts to determine whether pathobiology 
biomarker- driven identification of sepsis endotype at the time of ICU admission can 
improve clinical outcomes and personalization of treatment.
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Fig. 40.2 Clustering into pathobiology-driven endotypes
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40.7  Conclusion

Applying bioinformatics to integrate systems biology (transcriptomics, proteomics, 
metabolomics) in combination with functional cellular studies has the potential to 
identify biological endotypes, which cannot be predicted using clinical covariates 
alone. Optimizing these novel translational methods will require collaboration, 
expertise and standardization in patient sample collection, assay performance and 
data analysis. It is possible that the true nature of the heterogeneity of the host 
response to sepsis will require a combination of molecular, protein, metabolomic 
and functional signatures that will lead to an integrated, simple, and clinically useful 
diagnostic model that could be rapidly used at the time of ICU admission. Hopefully, 
a parsimonious set of biological markers will be useful to categorize patients into 
specific sub-groups that would be useful for testing specific new therapies. 
Ultimately, detection of key biological markers along with clinical indicators at the 
bedside could improve our approach to precision medicine-guided therapy and out-
comes of patients with sepsis.
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in Sepsis: What Is New?
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41.1  Introduction

Sepsis is a life-threatening disease caused by a dysregulated host response to infec-
tion, which leads to multiple organ failure (MOF). The mortality rate is 25% for 
uncomplicated sepsis and 80% in patients who develop MOF, making it the major 
cause of mortality in the intensive care unit (ICU). Despite decades of research 
dedicated to sepsis pathogenesis, the exact mechanisms contributing to sepsis- 
related MOF are yet to be elucidated.

Nearly 50 years ago in the 1970s, studies using experimental rat models of hemor-
rhagic hypovolemia and Escherichia coli endotoxin shock first demonstrated the inhi-
bition of mitochondrial function in septic shock [1–3]. Subsequent studies produced 
conflicting results [4, 5] and it took another 20 years before the concept of mitochon-
drial dysfunction was established as an important mechanism contributing to the 
pathogenesis of sepsis [6, 7] supported by both animal and human studies [8–10]. 
Functional and ultrastructural abnormalities of mitochondria were found in liver, kid-
ney and skeletal/heart muscle [9, 11] and later in blood cells [12]. Around the same 
period, mitochondrial dysfunction was found to be associated with oxidative stress, a 
state of redox imbalance involving overproduction of reactive species and/or free radi-
cals and depletion of antioxidant [9, 13]. This association has since triggered more 
research into identifying potential therapeutic targets for sepsis [14, 15].
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This chapter highlights recent important findings and hypotheses that help to 
explain the role of mitochondrial dysfunction in the pathogenesis of sepsis with the 
focus on the role of oxidative stress. Furthermore the potential of putative therapies 
that target the mitochondrion or oxidative stress will be explored.

41.2  Mitochondria: The Powerhouse of Cells and More

Prior to reviewing mitochondrial dysfunction in sepsis, it is important to understand the 
physiological functions of mitochondria in healthy cells. Mitochondria are present in 
all cell types found in human bodies with the exception of erythrocytes, though the 
number of mitochondria per cell varies. Cells from liver and muscle tissues, which 
have higher energy demand, generally contain more mitochondria than cells from other 
tissue types. The main function of mitochondria is to produce adenosine triphosphate 
(ATP), the major energy currency essential for most cellular activities, such as cell divi-
sion, cell signaling and muscle contraction. ATP is also generated in the cytosol through 
glycolysis but the majority of ATP is produced in mitochondria via oxidative phos-
phorylation, which is far more efficient than glycolysis. In the presence of oxygen, 
oxidative phosphorylation oxidizes nutrients to release energy used for ATP produc-
tion. This process involves transfer of electrons from the tricarboxylic acid (TCA) 
cycle (also known as the Krebs cycle) to the electron transport chain consisting of a 
series of enzyme complexes (complex I–IV) located on the inner membrane of the 
mitochondria. As electrons move down the electron transport chain, protons are 
pumped across the membrane creating a proton gradient. This gradient provides energy 
for ATP synthase (complex V) to phosphorylate adenosine diphosphate (ADP) to ATP.

Oxygen consumption by mitochondrial oxidative phosphorylation accounts for 
over 90% of total body oxygen consumption. But not all the oxygen consumed by 
mitochondria is used for ATP production. Part of the oxygen consumed is uncou-
pled from energy production and used for producing reactive oxygen species (ROS) 
(approximately 1–2% of total oxygen) or generating heat. ROS generation mainly 
takes place at the electron transport chain where leakage of electrons at complex I 
and III leads to incomplete reduction of oxygen into superoxide. The level of ROS 
in healthy mitochondria is kept in check by endogenous antioxidant systems includ-
ing manganese superoxide dismutase (MnSOD), glutathione and thioredoxin. The 
fine balance between ROS and antioxidant is crucial for the overall health of the 
mitochondria and the cells.

In addition to energy production, other roles of mitochondria in the cells include heat 
generation, intracellular calcium regulation, apoptosis and intracellular signaling, mak-
ing the mitochondrion an important organelle in maintaining normal cell functions.

41.3  Sepsis and Mitochondrial Dysfunction: Survival 
of the Fittest

Sepsis is caused by a dysregulated host immune response to infections, which leads 
to systemic inflammatory response syndrome (SIRS) that can progress to MOF 
(severe sepsis) and septic shock (severe sepsis with hypotension). The cause of 
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sepsis- related MOF is rather complex and involves the exaggerated inflammatory 
responses, microcirculation alterations and mitochondrial dysfunction. Therapies 
targeting pro-inflammatory mediators such as tumor necrosis factor-α (TNF-α) and 
interleukin-1 (IL-1) have however failed to show any benefits to sepsis patients [16, 
17]. A healthy microcirculation is necessary for adequate tissue oxygenation and 
any disruption can therefore result in tissue hypoxia, thus directly impacting organ 
function. Although it has been shown that microcirculation alteration plays an 
important role in sepsis-related MOF [18], it is hard to assess this precisely in the 
context of affected organs. Postmortem examination revealed minimal cell death in 
organs like the heart, liver, brain and kidney [19, 20], which makes further valida-
tion hard.

In the early 1970s, studies measuring functions of mitochondria isolated from an 
endotoxic model suggested the inhibition of energy metabolism in liver, cardiac and 
skeletal muscle mitochondria. Reduction in mitochondrial oxidative respiration and 
swelling of mitochondria under electron microscopy were observed due to the effect 
of endotoxin (lipopolysaccharide [LPS]) extracted from E. coli [1, 3]. Mitochondrial 
dysfunction in sepsis has received more attention since the late 1990s when cyto-
pathic hypoxia (decreased availability of oxygen at the cellular level) was first men-
tioned as a plausible mechanism contributing to tissue hypoxia and hence MOF in 
sepsis [6]. Tissue hypoxia in sepsis, first thought to result from microcirculatory 
disruption, does not however explain the increased tissue oxygen tensions [21, 22], 
minimal cell death observed in postmortem samples from various organs affected 
by sepsis [19], and more importantly the near-complete recovery of organ function 
in MOF survivors [23]. However, increased tissue oxygen tension seen in sepsis can 
be explained by cytopathic hypoxia or mitochondrial dysfunction which denotes 
reduced ATP production and oxygen consumption, despite normal or supranormal 
oxygen availability within the cells. Reduced ATP production, as evidenced by 
reduced ATP concentration in skeletal muscle and inhibited electron transport chain 
complex I activity, correlates with the severity and outcome of septic shock [9]. This 
is consistent with early findings in septic animal models. Further evidence has 
shown significant reduction in protein levels of complex I and complex IV subunits 
in critically ill patients as compared to controls. An overall reduction in oxidative 
phosphorylation transcript abundance was also observed in critically ill patients as 
compared to controls. In addition it has been shown that survivors have higher oxi-
dative phosphorylation transcript abundance than non-survivors [24]. All this evi-
dence suggests that cells from failed organs have reduced use of oxygen for ATP 
production probably as a result of impaired oxidative phosphorylation complexes.

However, questions such as why minimal cell death is detected in postmortem 
samples and why there is complete recovery of organ function in MOF survivors 
remain unanswered by cytopathic hypoxia or mitochondrial dysfunction. As men-
tioned earlier, mitochondria are the main source of ATP within the cells so, in the-
ory, if mitochondrial dysfunction persists, it will eventually lead to cell death and 
then organ failure, which could be irreversible. An interesting hypothesis by Mervyn 
Singer suggests that reduced metabolic activity (low oxidative phosphorylation 
complex activity and low ATP production) as seen in sepsis patients can lead to 
reduced energy requirements. This creates a new steady-state that mimics hiberna-
tion [25]. So mitochondrial dysfunction is on the one hand associated with the 
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development of MOF but on the other hand could well be an adaptive mechanism 
for cells to cope with the overwhelming systemic inflammatory response seen in 
sepsis. Survival therefore will rely on the recovery of respiratory function of mito-
chondria. Recovery of mitochondrial function via mitochondrial biogenesis (syn-
thesis of new mitochondria) has been well demonstrated in several sepsis animal 
models induced by LPS or by Staphylococcus aureus [26, 27]. Genes that regulate 
mitochondrial biogenesis, such as peroxisome proliferator-activated receptor γ 
coactivator-1α (PGC-1α), mitochondrial transcription factor A (Tfam), and nuclear 
respiratory factor-1 (NRF-1), are upregulated prior to recovery of metabolic activity. 
PGC-1α is a transcription coactivator that plays a central role in regulating mito-
chondrial biogenesis through activation of NRF-1 and Tfam. NRF-1 encodes a tran-
scription factor that activates the expression of nuclear genes required for respiration, 
mitochondrial DNA transcription and replication. Tfam encodes a mitochondrial 
transcription factor that is a key activator of mitochondrial transcription and mito-
chondrial genome replication. Studies in critically ill patients also found increased 
PGC-1α mRNA in survivors but not in non-survivors. This further testifies to the 
importance of mitochondrial biogenesis in the recovery of organ function and even-
tual survival [24]. Whether or not patients survive MOF will depend on how quickly 
and how efficiently their cells switch on the recovery mechanism—the survival of 
the fittest.

41.4  Oxidative Stress and Mitochondrial Dysfunction

We have elaborated on the important role of mitochondrial dysfunction in the patho-
genesis of sepsis-related MOF. Yet sepsis is well known to be caused by a dysregu-
lated immune response to infection, which is characterized by a hyper-inflammatory 
phase and a subsequent immunosuppressive phase. How does the immune response 
in the case of sepsis impact mitochondrial function and organ function? Considering 
that various anti-inflammatory agents have failed to show any beneficial effects in 
sepsis patients, mediators other than cytokines need to be considered.

Along with exaggerated production of pro-inflammatory cytokines in sepsis, 
there is also overproduction of free radicals and reactive species by innate immune 
cells (oxidative burst) as part of the body’s defense mechanisms for eradicating 
pathogens [28]. These include ROS and reactive nitrogen species (RNS), which act 
like antimicrobial agents and can destroy microbial pathogens directly. As mentioned 
earlier, ROS are produced as byproducts of oxidative phosphorylation in healthy 
mitochondria. ROS are also produced in the cytosol, peroxisomes, and endoplasmic 
reticulum and serve important roles in regulating cell growth, apoptosis, and signal-
ing [29]. Similar to ROS, RNS also serve as a regulator of cell signaling and gene 
expression [30]. Despite the important roles of ROS and RNS as antimicrobial agents 
and regulators of cellular processes, overproduction of ROS or RNS can be detrimen-
tal to the cells if not controlled. Control of ROS level in healthy cells is by an endog-
enous antioxidant system consisting of enzymatic and non- enzymatic pathways. The 
enzymatic pathways include superoxide dismutase (SOD), glutathione peroxidase 
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(GPx) and catalase, which converts ROS into water or less reactive molecules. Non-
enzymatic pathways include glutathione and thioredoxin. Control of RNS level is 
through regulation of nitric oxide synthase (NOS), the enzyme that catalyzes the 
production of nitric oxide (NO) from l-arginine.

Imbalance between ROS/RNS and antioxidant/NOS inhibition, as a result of 
ROS/RNS overproduction or deficiency in antioxidant/NOS inhibition, creates a 
state known as oxidative stress which is associated with several pathological con-
ditions including sepsis [31]. Several studies have demonstrated the significance 
of oxidative stress in survival of sepsis patients. Sepsis survivors were shown to 
have higher antioxidant potential than non-survivors [32] and conversely defi-
ciency in antioxidant capacity correlates with mortality [31]. ROS molecules 
implicated in sepsis pathogenesis include superoxide (O2

−), hydrogen peroxide 
(H2O2), and hydroxyl radicals (HO). RNS molecules include NO and peroxyni-
trite (ONOO−), the latter being formed by a reaction between NO and O2

−. Among 
these, NO and its derivative ONOO− are the most well-studied in sepsis and there-
fore will be used as an example to illustrate the role of oxidative stress in mito-
chondrial dysfunction.

NO is produced from the amino acid l-arginine by NOS, which has different 
isoforms: neuronal NOS (nNOS), endothelial NOS (eNOS), mitochondrial NOS 
(mtNOS) and inducible NOS (iNOS). nNOS, eNOS and mtNOS are expressed 
constitutively, whereas iNOS expression is induced by infection, inflammation or 
trauma [33]. NO is produced both in and outside the mitochondria. Once formed, 
it can freely diffuse into mitochondria and exert its effects. Under physiological 
condition, NO reversibly binds to the oxygen binding site of cytochrome c oxidase 
(complex IV of the electron transport chain), serving as regulator of mitochondrial 
respiration. Under pathological conditions, such as sepsis, increased NO produc-
tion via iNOS activation is induced by cytokines such as interferon γ (IFNγ), TNF-
α, and IL-1β. This activation of iNOS is via the nuclear factor-κB (NF-κB) signaling 
pathway which leads to activation of several downstream genes including those 
responsible for NO and cytokine production [34]. Excess production of NO impairs 
mitochondrial function through several pathways: (1) binding of high concentra-
tion NO to complex IV interrupts the electron transport chain and hence inhibits 
mitochondrial respiration; (2) enhanced production of ROS, in particularly O2

− and 
H2O2, as a result of interrupted electron transport chain and proton leak; (3) forma-
tion of ONOO− from interaction of NO and O2

−. ONOO− is a powerful oxidant and 
nitrating agent that plays an important role in mediating mitochondrial dysfunction 
[35]. In fact, ONOO− accounts for most of the cytotoxic effects of NO, which 
include (1) peroxidation of the mitochondrial lipid cardiolipin, a phospholipid on 
the inner mitochondrial membrane that plays an important role in mitochondrial 
bioenergetics [36]; (2) inhibition of complex I, other enzyme complexes, and 
endogenous antioxidants, such as glutathione, by S-nitrosylation or tyrosine nitra-
tion [37]; (3) damage of mitochondrial DNA. These detrimental effects on mito-
chondrial lipids, proteins and DNA will lead to mitochondrial dysfunction and 
eventually organ failure. The effects of NO and ONOO− on mitochondria are illus-
trated in Fig. 41.1.
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41.5  Potential Therapies for Sepsis: What the Future Holds 
for Mitochondria?

As discussed earlier in this chapter, mitochondrial dysfunction is associated with 
disease severity and outcome in septic patients. And oxidative stress has been shown 
to be one of the important factors contributing to mitochondrial dysfunction. 
Therefore, recovery of mitochondrial function, either by restoring balance between 
oxidants and antioxidants within mitochondria, or even better by boosting their bio-
genesis, could be the key towards better management of patients with sepsis. Recent 
studies have demonstrated the potential of several antioxidants or molecules to 
improve the outcome of patients with sepsis. Some of the promising therapies that 
have been tested in humans include ascorbic acid, NOS inhibitors, and melatonin 
[14]. Ascorbic acid, the redox form of vitamin C and a natural antioxidant, has 
passed a Phase I safety trial in patients with severe sepsis [38]. The NOS inhibitor, 
ketanserin, had beneficial effects in septic patients, with improved microcirculatory 
perfusion [39]. Melatonin, a hormone that is produced in the pineal gland in the 
brain, has both anti-inflammatory and antiapoptotic effects. Melatonin also acts as a 
ROS/RNS scavenger, and has been shown to reduce markers of inflammation and 
oxidative stress in human endotoxemia model [40]. Compared to targeting oxidative 
stress, strategies targeting mitochondria biogenesis are less developed due to the 
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complexity of the biogenesis pathways. Several potential therapeutic targets, associ-
ated with mitochondrial biogenesis, include PGC-1α, Tfam and NRF-1 as men-
tioned earlier in this chapter. Another molecule, mitogen-activated protein kinase 
kinase 3 (MKK3), has also been shown to play an important role in mitochondrial 
biogenesis in a sepsis mouse model. Higher MKK3 activation has been detected in 
isolated peripheral blood mononuclear cells from septic patients compared to non- 
septic controls. In addition to biogenesis, MKK3 is also important for mitophagy 
(removal of dysfunctional mitochondria), an important process for recovery of 
mitochondrial function [41]. These molecules deserve further study to explore their 
therapeutic potential. Last but not least, mitochondrial transplantation, a novel way 
to replace dysfunctional mitochondria with viable and respiration competent ones, 
could potentially provide a kick-start to the recovery process of mitochondria, espe-
cially in patients with less capacity to initiate the biogenesis process. Mitochondrial 
transplantation has been tested in pediatric patients with congenital heart disease, 
resulting in improvement of myocardial function in a small group of the patients 
[42]. The therapeutic use of mitochondrial transplantation is still in its early days 
but definitely holds promise for recovering mitochondrial function and hence organ 
function in sepsis.

41.6  Conclusion

The role of mitochondrial dysfunction in sepsis pathogenesis has created much 
debate since the 1970s, with varying results likely due to differences in the choice 
of endotoxemia models (e.g., LPS vs. live bacteria, small animal vs. large animal 
models) as well as the variations in the generation of the models (e.g., doses of 
endotoxin or bacteria). Recent studies with the use of clinical samples, in conjunc-
tion with availability of more sensitive assays and better study designs, make studies 
on mitochondrial function more reproducible. This has led to a better understanding 
of the causes of mitochondrial dysfunction and its association with sepsis severity 
and outcomes. This is critical for the development of future therapies for sepsis, 
which is still the major cause of mortality in ICU patients. Antioxidants have been 
used clinically with some beneficial effects on septic patients; however targeting 
oxidative stress can be a double-edged sword. Considering the physiological func-
tions of ROS/RNS as seen in healthy cells, it is crucial to achieve that fine balance 
between beneficial and harmful effects of any proposed therapy.

References

 1. Schumer W, Dasgupta TK, Moss GS, Nyhus LM. Effect of endoxemia on liver cell mitochon-
dria in man. Ann Surg. 1970;171:875–82.

 2. Schumer W, Erve PR, Obernolte RP. Endotoxemia effect on cardiac and skeletal muscle mito-
chondria. Surg Gynecol Obstet. 1971;133:433–6.

 3. Mela L, Bacalzo LV J, Miller LD. Defective oxidative metabolism of rat liver mitochondria in 
hemorrhagic and endotoxin shock. Am J Physiol. 1971;220:571–7.

41 The Role of Mitochondrial Dysfunction in Sepsis: What Is New?



544

 4. Tanaka J, Kono Y, Shimahara Y, et  al. A study of oxidative phosphorylative activity and 
calcium- induced respiration of rat liver mitochondria following living Escherichia coli injec-
tion. Adv Shock Res. 1982;7:77–90.

 5. Geller ER, Jankauskas S, Kirkpatrick J. Mitochondrial death in sepsis: a failed concept. J Surg 
Res. 1986;40(5):514–7.

 6. Fink M. Cytopathic hypoxia in sepsis. Acta Anaesthesiol Scand Suppl. 1997;110:87–95.
 7. Singer M, Brealey D.  Mitochondrial dysfunction in sepsis. Biochem Soc Symp. 

1999;66:149–66.
 8. Gellerich FN1, Trumbeckaite S, Opalka JR, et al. Mitochondrial dysfunction in sepsis: evi-

dence from bacteraemic baboons and endotoxaemic rabbits. Biosci Rep. 2002;22:99–113.
 9. Brealey D, Brand M, Hargreaves I, et al. Association between mitochondrial dysfunction and 

severity and outcome of septic shock. Lancet. 2002;360:219–23.
 10. Crouser ED, Julian MW, Blaho DV, Pfeiffer DR. Endotoxin-induced mitochondrial damage 

correlates with impaired respiratory activity. Crit Care Med. 2002;30:276–84.
 11. Porta F, Takala J, Weikert C, et al. Effects of prolonged endotoxemia on liver, skeletal muscle 

and kidney mitochondrial function. Crit Care. 2006;10:R118.
 12. Belikova I, Lukaszewicz AC, Faivre V, Damoisel C, Singer M, Payen D. Oxygen consump-

tion of human peripheral blood mononuclear cells in severe human sepsis. Crit Care Med. 
2007;35:2702–8.

 13. Galley HF.  Oxidative stress and mitochondrial dysfunction in sepsis. Br J Anaesth. 
2011;107:57–64.

 14. Mantzarlis K, Tsolaki V, Zakynthinos E. Role of oxidative stress and mitochondrial dysfunc-
tion in sepsis and potential therapies. Oxidative Med Cell Longev. 2017;2017:5985209.

 15. Prauchner CA. Oxidative stress in sepsis: pathophysiological implications justifying antioxi-
dant co-therapy. Burns. 2017;43:471–85.

 16. Abraham E, Laterre PF, Garbino J, et  al. Lenercept (p55 tumor necrosis factor receptor 
fusion protein) in severe sepsis and early septic shock: a randomized, double-blind, placebo- 
controlled, multicenter phase III trial with 1,342 patients. Crit Care Med. 2001;29:503–10.

 17. Fisher CJ Jr, Dhainaut JF, Opal SM, et al. Recombinant human interleukin 1 receptor antago-
nist in the treatment of patients with sepsis syndrome. Results from a randomized, double- 
blind, placebo-controlled trial. Phase III rhIL-1ra Sepsis Syndrome Study Group. JAMA. 
1994;271:1836–43.

 18. Ince C. The microcirculation is the motor of sepsis. Crit Care. 2005;9(Suppl 4):S13–9.
 19. Hotchkiss RS, Swanson PE, Freeman BD, et al. Apoptotic cell death in patients with sepsis, 

shock, and multiple organ dysfunction. Crit Care Med. 1999;27:1230–51.
 20. Takasu O, Gaut JP, Watanabe E, et al. Mechanisms of cardiac and renal dysfunction in patients 

dying of sepsis. Am J Respir Crit Care Med. 2013;187:509–17.
 21. Rosser DM, Stidwill RP, Jacobson D, Singer M. Oxygen tension in the bladder epithelium rises 

in both high and low cardiac output endotoxemic sepsis. J Appl Physiol. 1995;79:1878–82.
 22. Boekstegers P, Weidenhöfer S, Pilz G, Werdan K. Peripheral oxygen availability within skel-

etal muscle in sepsis and septic shock: comparison to limited infection and cardiogenic shock. 
Infection. 1991;19:317–23.

 23. Noble JS, MacKirdy FN, Donaldson SI, Howie JC. Renal and respiratory failure in Scottish 
ICUs. Anaesthesia. 2001;56:124–9.

 24. Carré JE, Orban JC, Re L, Felsmann K, et al. Survival in critical illness is associated with early 
activation of mitochondrial biogenesis. Am J Respir Crit Care Med. 2010;182:745–51.

 25. Singer M.  The role of mitochondrial dysfunction in sepsis-induced multi-organ failure. 
Virulence. 2014;5:66–72.

 26. Suliman HB, Welty-Wolf KE, Carraway M, Tatro L, Piantadosi CA. Lipopolysaccharide induces 
oxidative cardiac mitochondrial damage and biogenesis. Cardiovasc Res. 2004;64:279–88.

 27. Haden DW, Suliman HB, Carraway MS, et  al. Mitochondrial biogenesis restores oxi-
dative metabolism during Staphylococcus aureus sepsis. Am J Respir Crit Care Med. 
2007;176:768–77.

Y. Wang et al.



545

 28. Kaymak C, Basar H, Sardas S. Reactive oxygen species (Ros) generation in sepsis. FABAD J 
Pharm Sci. 2011;36:41–7.

 29. Di Meo S, Reed TT, Venditti P, Victor VM. Role of ROS and RNS sources in physiological and 
pathological conditions. Oxidative Med Cell Longev. 2016;2016:1245049.

 30. Bogdan C. Nitric oxide and the regulation of gene expression. Trends Cell Biol. 2001;11:66–75.
 31. Karapetsa M, Pitsika M, Goutzourelas N, Stagos D, Tousia Becker A, Zakynthinos E. Oxidative 

status in ICU patients with septic shock. Food Chem Toxicol. 2013;61:106–11.
 32. Cowley HC, Bacon PJ, Goode HF, Webster NR, Jones JG, Menon DK.  Plasma antioxi-

dant potential in severe sepsis: a comparison of survivors and nonsurvivors. Crit Care Med. 
1996;24:1179–83.

 33. Nathan C, Xie QW. Nitric oxide synthases: roles, tolls, and controls. Cell. 1994;78:915–8.
 34. Perkins ND. Integrating cell-signalling pathways with NF-kappaB and IKK function. Nat Rev 

Mol Cell Biol. 2007;8:49–62.
 35. Boczkowski J, Lisdero CL, Lanone S. Endogenous peroxynitrite mediates mitochondrial dys-

function in rat diaphragm during endotoxemia. FASEB J. 1999;13:1637–46.
 36. Paradies G, Paradies V, De Benedictis V, Ruggiero FM, Petrosillo G. Functional role of cardio-

lipin in mitochondrial bioenergetics. Biochim Biophys Acta. 2014;1837:408–17.
 37. Brown GC, Borutaite V.  Inhibition of mitochondrial respiratory complex I by nitric oxide, 

peroxynitrite and S-nitrosothiols. Biochim Biophys Acta. 2004;1658:44–9.
 38. Fowler AA, Syed AA, Knowlson S, et al. Phase I safety trial of intravenous ascorbic acid in 

patients with severe sepsis. J Transl Med. 2014;12:32.
 39. Vellinga NA, Veenstra G, Scorcella C, et al. Effects of ketanserin on microcirculatory altera-

tions in septic shock: an open-label pilot study. J Crit Care. 2015;30:1156–62.
 40. Alamili M, Bendtzen K, Lykkesfeldt J, Rosenberg J, Gögenur I. Melatonin suppresses markers 

of inflammation and oxidative damage in a human daytime endotoxemia model. J Crit Care. 
2014;29:184.e9–184.e13.

 41. Mannam P, Shinn AS, Srivastava A, et al. MKK3 regulates mitochondrial biogenesis and mitoph-
agy in sepsis-induced lung injury. Am J Physiol Lung Cell Mol Physiol. 2014;306:L604–19.

 42. Emani SM, McCully JD.  Mitochondrial transplantation: applications for pediatric patients 
with congenital heart disease. Transl Pediatr. 2018;7:169–75.

41 The Role of Mitochondrial Dysfunction in Sepsis: What Is New?



547© Springer Nature Switzerland AG 2019
J.-L. Vincent (ed.), Annual Update in Intensive Care and Emergency  
Medicine 2019, Annual Update in Intensive Care and Emergency Medicine, 
https://doi.org/10.1007/978-3-030-06067-1_42

F. van Haren (*) · L. Byrne 
Intensive Care Unit, Canberra Hospital, Woden, ACT, Australia 

Medical School, Australian National University, Canberra, ACT, Australia
e-mail: fvanharen@me.com 

E. Litton 
Intensive Care Unit, Fiona Stanley Hospital, Perth, WA, Australia

42Potential Harm Related to Fluid 
Resuscitation in Sepsis

F. van Haren, L. Byrne, and E. Litton

42.1  Introduction

A liberal approach to fluid resuscitation in patients with sepsis and evidence of 
hypoperfusion is endorsed by international guidelines as an essential first-line inter-
vention [1]. The use of this therapy is based in part on a long history and familiarity 
with fluid use in the resuscitation of other forms of shock and a “hypoperfusion 
centric” theory of the pathophysiology of sepsis [2]. The Surviving Sepsis Campaign 
recommendation for a fluid challenge given at a rate of 500–1000 mL of crystalloids 
or 300–500 mL of colloids over 30 min, is graded as Grade E, which means it is 
supported only by non-randomized historical controls, case series, uncontrolled 
studies and expert opinion [1]. In addition to a lack of high quality randomized 
controlled trials (RCTs), demonstrating benefit of standard volume fluid resuscita-
tion for sepsis compared to a lower dose, the safety of standard doses of intravenous 
resuscitation has also been called into question. Data from experimental, observa-
tional and prospective randomized studies suggest improved outcomes with a 
restrictive approach to fluid resuscitation [2–5].

There are two main proposed mechanisms by which fluid resuscitation in sep-
sis may cause harm. The first relates to direct deleterious effects of fluid bolus 
therapy on several aspects of cardiovascular function. The second mechanism of 
harm is related to the consequences of fluid overload on end-organ function. The 
aim of this chapter is to describe the evidence supporting potential mechanisms by 
which the current standard, liberal approach to fluid resuscitation in patients with 
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sepsis may be harmful. The risks and benefits of different types of resuscitation 
fluid (e.g., balanced fluids, colloids) have been addressed elsewhere and will not 
be reviewed.

42.2  Cardiovascular Dysfunction Associated with Bolus  
Fluid Therapy

Bolus fluid therapy is recommended as soon as sepsis-induced tissue hypoperfusion 
(hypotension or lactic acidosis) is recognized, and the goals of resuscitation should 
include central venous pressure (CVP), blood pressure, urine output and central 
venous oxygen saturation (ScvO2) [1]. Improvement in these surrogate measures is 
presumed to indicate improved tissue perfusion which would then result in better 
outcomes. However, despite early signs of cardiovascular improvement after bolus 
fluid therapy, cardiovascular dysfunction and outcomes in fact seem to worsen.

In the Fluid Expansion As Supportive Therapy trial (FEAST), investigators ran-
domized 3141 children with severe sepsis to receive fluid resuscitation with either 
40 mL/kg of 0.9% saline, 4% albumin or no volume resuscitation [3]. The trial was 
stopped early for harm, demonstrating a 40% increase in mortality with fluid resus-
citation irrespective of type. Much has been made with regard to the correct inter-
pretation of these findings. It has been suggested that the findings are specific to the 
unique population, with a high incidence of malaria (57%), severe anemia <5 g/dL 
(32%) and acidosis (base deficit >8 mmol/L, 51%) and with saline and albumin 
causing disease-specific deterioration and worsening of both anemia and acidosis. 
However, the published subgroup analysis does not support these conclusions and 
shows similar point estimates for harm independent of prior malaria, baseline hemo-
globin and base deficit [3]. Surprisingly, the increase in mortality did not appear to 
be related to complications of fluid overload but rather to delayed cardiovascular 
collapse causing refractory shock [6].

In another randomized clinical trial that included 209 adults with sepsis and 
hypotension presenting to an emergency department in Zambia, a 6-h sepsis proto-
col emphasizing administration of intravenous fluids, vasopressors, and blood trans-
fusion was compared with usual care [4]. The sepsis protocol resulted in greater 
intravenous fluid administration use and, despite greater vasopressor (dopamine) 
use, similar systolic and diastolic blood pressure readings compared to patients in 
the standard care group. The sepsis protocol caused more frequent worsening of 
hypoxemia and tachypnea and higher rates of in-hospital and 28-day mortality 
(absolute differences 15% for in-hospital and 22% for 28-day mortality).

To investigate the mechanisms underlying the provocative findings of these clinical 
trials, a pre-clinical ovine study was conducted comparing an early fluid resuscitation 
strategy versus a no-fluid resuscitation strategy [7]. First, a hyperdynamic sheep model 
of sepsis reflective of human sepsis was established and validated [8]. Endotoxemic 
shock was induced after which the animals received either fluid resuscitation with 
40 mL/kg of 0.9% saline (similar to the FEAST study) or commenced hemodynamic 
support with protocolized norepinephrine and vasopressin. As expected, the fluid 
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resuscitated animals had a large increase in cardiac output immediately after the fluid 
bolus was administered. While mean arterial blood pressure (MAP) improved over the 
hour of resuscitation, the magnitude of the increase was modest compared to the 
increase in cardiac output because of a concurrent decrease in the systemic vascular 
resistance (SVR). Consistent with the findings of the two previously mentioned RCTs, 
animals that received fluid resuscitation required significantly more norepinephrine to 
maintain the same MAP in the 12 h after resuscitation, suggesting that fluid resuscita-
tion induced vasodilation and resistance to vasopressor agents. Importantly, there were 
no differences between groups in effects on the microcirculation and on microvascular 
oxygen delivery, with similar brain, kidney, heart, and liver lactate/pyruvate ratios as 
measured by microdialysis.

The potential pathways that could contribute to the observed cardiovascular dys-
function following bolus fluid therapy for sepsis-induced tissue hypoperfusion are 
discussed below and summarized in Fig. 42.1.

42.2.1  Fluid Resuscitation-Induced Vasodilation

Fluid resuscitation-induced vasodilation has been reported in a number of experi-
mental and clinical studies. It has been hypothesized that the use of fluid therapy to 
optimize cardiac preload could potentially contribute to impaired arterial load and 
ventriculo-arterial decoupling. Experimental studies have also suggested that the 
typical hemodynamic profile of vasodilatory shock (low SVR and high cardiac 
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output), could actually be induced by fluid administration, transforming the initial 
non-resuscitated hypodynamic profile into a hyperdynamic state [9–11]. Monge 
Garcia et al. described the immediate effects of fluid bolus resuscitation on arterial 
load in 81 patients with sepsis [12]. While 67% of the patients had an increase in 
cardiac output of at least 10% with fluid resuscitation, only 44% of those preload 
responsive patients also had an increase in MAP. Fluid resuscitation resulted in a 
decrease in SVR that was most marked amongst patients in whom cardiac output 
increased. The authors concluded that fluid administration significantly reduced arte-
rial load in critically patients with septic shock and acute circulatory failure, even 
when increasing cardiac output. In a similar observational study in 51 patients with 
sepsis, Pierrakos et al. reported that for patients who had a significant increase in 
their cardiac output, fluid resuscitation resulted in a decrease in their SVR [13]. In 
another experimental study investigating the effects of arterial load variations, fluid 
bolus administration decreased the dynamic arterial elastance, with no relationship 
between changes in cardiac output and MAP after fluid administration [14].

The underlying mechanism of fluid resuscitation-induced vasodilation is unclear 
and several explanations have been suggested. Intravascular volume administration 
may blunt the baroreflex-mediated vasoconstriction in response to hypovolemia 
[12]. Fluid resuscitation could also recruit previously closed vessels, thereby reduc-
ing arterial resistance. Further, flow-mediated vascular relaxation secondary to 
endothelial shear stress and release of endothelial nitric oxide (NO) has been dem-
onstrated to lead to a reduction in arterial tone. Intravital microscopic studies have 
suggested that large resistance vessels, which are responsible for 40–55% of the 
total network resistance, are under tight control of endothelial factors such as NO 
and endothelium-derived hyperpolarizing factor [15]. Fluid administration increases 
blood flow velocity and thus endothelial shear stress, causing the release of NO by 
the vascular endothelium [11]. Laminar shear stress also results in integrin- mediated 
release of fibroblast growth factor-2 (FGF-2), which is thought to be a stimulus in 
the endothelium-dependent control of vascular tone [16].

42.2.2  Fluid Resuscitation-Associated Cardiotoxicity

Another mechanism that could contribute to the observed cardiovascular collapse 
after bolus fluid resuscitation is through cardiotoxicity. In the abovementioned 
ovine study by Byrne and co-workers, animals that received fluid resuscitation also 
showed impaired myocardial contractility and increased troponin levels [7]. The 
observed increase in troponin suggests the additional vasopressors required to 
maintain hemodynamic stability may have important bystander effects and result in 
secondary cardiac injury.

The mechanism underlying this cardiotoxicity is unclear, but a number of poten-
tial mechanisms have been proposed. These include mitochondrial oxidative stress, 
microvascular thrombi and increased sarcolemma membrane permeability [17, 18]. 
Catecholamines have been shown to increase myocardial oxidative stress in experi-
mental models and in a murine model of sepsis [19]. For example, using strain 
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echocardiography, it was demonstrated that increased oxidative stress was a central 
factor in development of sepsis-induced myocardial dysfunction [20].

42.2.3  Effects of Fluid Resuscitation on the Glycocalyx

The effects of fluid infusion on the integrity of the glycocalyx remain poorly under-
stood. Degradation of the glycocalyx on the vascular luminal cell membrane has 
been identified to be an early step in septic vascular endothelial cell disorder [21]. 
Fluid therapy has the potential to further damage the glycocalyx, especially when 
rapid infusions are used and when fluid infusion results in hypervolemia. Degradation 
of the glycocalyx barrier is often assessed by measuring plasma levels of glycocalyx 
breakdown products, such as hyaluronan. Hyaluronan is one of the main constitu-
ents of the glycocalyx barrier with plasma levels shown to correlate with glycocalyx 
thickness in humans [22] and the administration of hyaluronidase was shown to 
significantly reduce the size and volume of the glycocalyx [23]. Additionally, in 
experimental models of glycocalyx injury using ischemia/reperfusion models, 
increased levels of hyaluronan following injury have been shown to directly corre-
late with glycocalyx damage in subsequent imaging [24]. In clinical studies, 
increases in hyaluronan have been shown to occur in conjunction with other known 
glycocalyx products, such as syndecan and heparan sulphate [25].

A number of studies have found an increase in hyaluronan following intravenous 
fluid administration, suggesting that infusion of crystalloid fluids may cause dam-
age to the glycocalyx. For example, following infusion of crystalloid solution in 
healthy volunteers, plasma hyaluronan levels increased [26]. This glycocalyx shed-
ding may be mediated by release of atrial natriuretic peptide (ANP) in response to 
hypervolemia. Chappell et al. demonstrated experimentally that acute hypervolemia 
led to both ANP release and increased glycocalyx breakdown products in humans 
prior to undergoing surgery [25]. Others were able to demonstrate that administra-
tion of exogenous physiological levels of ANP led to glycocalyx shedding and 
increased vascular permeability in experimental models [23, 27]. In the study by 
Byrne et al., animals assigned to fluid resuscitation had prolonged endotoxemia- 
induced release of circulating ANP, followed by an increased rate of hyaluronic acid 
shedding into the blood [7].

42.2.4  Inflammatory Effects of Fluid Resuscitation

Different conventional hemodynamic optimization strategies in septic patients result 
in distinct biomarker patterns [28]. In experimental human endotoxemia, prehydra-
tion shifts the cytokine pattern toward a more anti-inflammatory state and results in 
fewer clinical sepsis symptoms, suggesting an association between the inflammatory 
response and the hydration or resuscitation status of patients with sepsis [29]. It has 
been suggested that resuscitation fluids have dose-related pro-inflammatory proper-
ties, relating to neutrophil activation and that there are differences between types of 
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fluids [30, 31]. In patients with septic shock, hypertonic fluid administration com-
pared with isotonic fluid may modulate expression of genes that are implicated in 
leukocyte-endothelial interactions and capillary leakage [32]. In the previously 
described study by Byrne et  al., there was no evidence that treatment allocation 
affected the inflammatory response to endotoxemia, as assessed by levels of inflam-
matory and anti-inflammatory cytokines [7].

42.3  Harm Caused by Fluid Overload

It is now well established that fluid overload in patients with sepsis is associated 
with edema development and worse outcomes [5, 33–36]. The pathological sequelae 
of fluid overload in kidneys and other organ systems have been described in detail 
[37]. Fluid overload can be caused by initial or on-going fluid resuscitation by bolus 
fluid therapy, or by maintenance fluid therapy and fluid creep [38].

A conservative fluid strategy may therefore improve patient outcomes. This was 
shown in the ARDS Network Fluids and Catheters Treatment Trial (FACTT). In this 
study, 1000 patients with acute lung injury were randomized to a conservative or a 
liberal strategy of fluid management using explicit protocols that were applied for 7 
days. Patients in the conservative strategy arm showed significantly improved lung 
function and shorter duration of mechanical ventilation and intensive care without 
increased non-pulmonary organ failures [39]. In a recently published Scandinavian 
RCT (the Conservative vs. Liberal Approach to fluid therapy of Septic Shock in 
Intensive Care [CLASSIC] trial), a protocol restricting resuscitation fluid success-
fully reduced volumes of resuscitation fluid compared with a standard care protocol 
in adult intensive care unit (ICU) patients with septic shock and showed that patient- 
centered outcomes all pointed towards benefit with fluid restriction [40]. Importantly, 
there were no indications of worsening of measures of circulatory efficacy in the 
first 24  h of restriction of resuscitation fluid as compared with standard care as 
assessed by urine output, lactate levels and norepinephrine requirements [41].

42.4  Bolus Fluid Therapy: Unresolved Issues

There are several important issues with the concept and use of bolus fluid therapy in 
clinical practice. First, there is no universally accepted definition of what bolus fluid 
therapy is and how it should be administered, and what physiological effects clini-
cians expect as a result of bolus fluid therapy. This was illustrated in a recent survey 
amongst acute care physicians in Australia and New Zealand [42]. This study 
showed that bolus fluid therapy is a poorly defined intervention with considerable 
variability in preferred fluid choice, volume given and speed of delivery. In addition, 
intensive care and emergency medicine specialists showed wide variation in what 
they expected the physiological response to bolus fluid therapy to be. Similar wide 
variability between individuals and countries was found when the researchers 
expanded their study to 3138 practitioners from 30 countries [43]. Another global 
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inception cohort study, the Fluid challenges in Intensive Care (FENICE) study, con-
cluded that current practice and evaluation of bolus fluid therapy in critically ill 
patients are highly variable [44].

Second, the physiological effects of bolus fluid therapy in critically ill patients 
have not been well studied. This was highlighted in a systematic review of contem-
porary data of physiological changes after bolus fluid therapy in sepsis [45]. No 
RCTs compared bolus fluid therapy with alternative interventions, such as vasopres-
sors. Although 17 studies described the temporal course of physiological changes 
after bolus fluid therapy in 31 patient groups, only three studies described the physi-
ological changes at 60 min, and only one study beyond this point. No studies related 
the physiological changes after bolus fluid therapy to clinically relevant outcomes. 
The authors concluded that there is a clear need to at least obtain randomized con-
trolled evidence for the physiological effects of bolus fluid therapy beyond the 
period immediately after its administration. In addition, the most effective rate of 
bolus fluid therapy is unknown. The rate at which a fluid bolus is administered 
appears to influence hemodynamic variables. In a randomized crossover pilot study 
in a healthy volunteer model of compensated hemorrhagic shock, fast fluid resusci-
tation resulted in a higher blood pressure, but the cardiac index paradoxically 
decreased in most participants during the fast resuscitation phase; a finding not 
observed in the slow fluid resuscitation group [46].

Third, the hemodynamic response to a fluid bolus is usually small and short- 
lived, and the clinical relevance of this physiological effect is uncertain. In the pre-
viously mentioned systematic review of contemporary data of physiological changes 
after bolus fluid therapy, the MAP increased on average by 7.8 mmHg immediately 
after a fluid bolus, and returned close to baseline after 1 h, with no increase in urine 
output [45]. These results were confirmed in a well conducted prospective observa-
tional study, in which the duration of hemodynamic effects of crystalloids was 
assessed in patients with circulatory shock after their initial resuscitation [47]. The 
duration of the volume effect was found to be short in all patients, as well as in the 
subgroup of fluid responders, with cardiac output and blood pressure returning to 
baseline levels 60 min after the fluid bolus [47]. In a retrospective analysis of the 
ARDS Network FACTT, hemodynamic responses were investigated in a conve-
nience sample of 127 patients. In this study, critically ill patients were given 
protocol- based crystalloid or albumin boluses for shock, low urine output, or low 
pulmonary artery occlusion pressure (PAOP). There were significant increases in 
mean CVP and mean PAOP following fluid boluses. However, there were no signifi-
cant changes in urine output, and there were clinically small changes in heart rate, 
MAP and cardiac index [48]. These observations of clinically small and short-lived 
hemodynamic responses to bolus fluid therapy are not limited to patients who have 
already been fluid resuscitated. In shocked patients in the emergency department, 
the median increase in MAP was only 3 mmHg 1 h after bolus fluid therapy, with no 
effect on the heart rate [49].

Finally, bolus fluid therapy carries a significant potential for harm, especially if 
used indiscriminately. Alarmingly, clinicians do not appear to be particularly good 
at determining whether a patient will benefit from the administration of a fluid 
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bolus, especially when basing this decision on clinical examination and static hemo-
dynamic indices such as CVP. In studies summarized in a review by Michard and 
Teboul in 2002, around 50% of patients who received a fluid bolus based on clinical 
signs and static hemodynamic measurements such as CVP turned out to be not fluid 
responsive [50]. Unfortunately, clinicians do not widely use measures of fluid 
responsiveness in usual practice, as evidenced by the earlier referenced observa-
tional FENICE study [44]. Not only was prediction of fluid responsiveness not used 
routinely, safety limits for bolus fluid therapy were also rarely used. There was no 
statistically significant difference in the proportion of patients who received further 
fluids after the previous fluid bolus between those with a positive, with an uncertain 
or with a negatively judged response to fluids. In other words, patients who were 
proven to be not fluid responsive, continued to receive the same amount of subse-
quent fluid boluses as did fluid responsive patients [44]. This practice undoubtedly 
increases the risk of fluid overload-associated harm in critically ill patients.

42.5  Future Directions

Going forward, we need to focus on several important issues. First, we need to 
design rigorous experimental research to re-examine the effects of early fluid resus-
citation in sepsis. The effects of fluid infusion in sepsis on the arterial load, the 
immune system, on endothelial function and on the integrity of the glycocalyx, 
remain poorly understood. Second, we need to perform adequately powered multi-
center studies comparing limited or no fluid strategies to current standard care for 
the treatment of septic shock.

Next, we need to educate clinicians about the risks of fluid loading patients who 
are not fluid responsive. The potential of harm caused by bolus fluid therapy should 
more clearly feature in guidelines. Implementation of a physiologic, hemodynami-
cally guided conservative approach to fluid therapy in patients with sepsis would 
possibly reduce the morbidity and improve outcomes. The safety, feasibility and 
efficacy of targeted fluid minimization strategies using protocol-guided assessments 
of fluid responsiveness holds promise but needs to be further investigated.

42.6  Conclusion

Fluid resuscitation has long been the cornerstone of the treatment of septic shock, 
albeit with a poor evidence base in terms of its effects on outcome. An increasing 
body of literature suggests that early bolus fluid therapy may cause harm. Potential 
mechanisms of harm include cardiovascular collapse associated with vasodilation, 
cardiotoxicity, endothelial glycocalyx damage and inflammatory effects. In addi-
tion, harm may be caused by the effects of fluid overload as a result of fluid 
administration.

Dr. Latta, in his landmark letter to the Lancet in 1831 when describing his experi-
ence with “the treatment of cholera by the copious injection of aqueous and saline 
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fluids into the vein”, wrote the following words: “…, and I have no doubt that it will 
be found, when judiciously applied, to be one of the most powerful, and one of the 
safest remedies yet used…..” [51]. We still have some way to go to live up to Dr. 
Latta’s expectations.
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43Extracorporeal Cytokine Removal 
in Septic Shock

F. Hawchar, N. Öveges, and Z. Molnár

43.1  Introduction

The incidence of sepsis has increased over the decades and it seems to be the single 
most important cause of hospitalization, which makes it a serious health economic 
issue worldwide [1–3]. Despite recent advances in early recognition, adequate 
resuscitation, organ support, appropriate antibiotic therapy and source control, mor-
tality rates are still around 20–50% depending on the source of the data [4, 5]. One 
of the more theoretical approaches to improve outcomes is the modulation of the 
immune system and the host response, which has been in the spotlight of research 
for decades. Hitherto, anti-inflammatory therapies, such as anti-cytokines, anti- 
oxidants, etc., have been tested, but the results disappointing [6, 7]. Nevertheless, 
modulating the “cytokine storm” that occurs in the early phase of septic shock as a 
result of a dysregulated immune response could provide some benefits by regaining 
the control between a pro-inflammatory and anti-inflammatory imbalance [8].

43.2  Pathophysiological Background

The immune system is a composite network that relies on both innate and adaptive 
components. The first line of defense against invaders consists of physical barriers, 
such as the skin [9, 10], and the mucous membranes of the respiratory [11], gastro- 
intestinal [12] and genitourinary tracts [13]. The second line of defense is the rap-
idly acting immune system that requires the co-production of the innate and adaptive 
immune systems [14].

By-and-large the role of the innate immune system is to kill invading pathogens by 
releasing pro-inflammatory mediators, cytokines, oxygen free radicals, etc. The role of 
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the adaptive immune system at this stage is to control this process by keeping the ‘war’ 
localized to the site of the infection, hence, not allowing the inflammatory response to 
become systemic. Normally, these two antagonistic forces are activated in a parallel 
manner.

It was a very important discovery that after trauma, burn injury, ischemia/reperfu-
sion, pancreatitis, major surgery, hepatic cirrhosis etc., the same or at least a similar 
immune response is induced and similar molecules are released as in the case of infec-
tion, because of the common genetic background of mitochondria and bacteria [15]. 
These molecules are called damage-associated molecular patterns (DAMP) in the case 
of tissue and pathogen-associated molecular patterns (PAMP) in the case of infection.

Normally, the PAMP- and DAMP-induced pro- and anti-inflammatory forces 
work in parallel and in harmony with each other keeping an equilibrium for a certain 
period of time, then their activity returns to baseline and the infection is resolved 
(Fig. 43.1a). However, in patients with septic shock this balance becomes impaired 
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Fig. 43.1 Normal, and dysregulated pro- and anti-inflammatory response. (a) The ‘normal’ 
response for infection. In this case both the pro- and anti-inflammatory forces increase their activ-
ity in a parallel and more-or-less equal fashion. After a few days, infection is eradicated by the 
body’s own defense, and the immune system’s activity returns to baseline. A common scenario, 
which all of us have experienced a few times in our lives. (b) The dysregulated immune response. 
There is an overwhelming response on both sides, but the pro-inflammatory response is more pro-
nounced. The area above the dotted line indicates the molecules that are in abundance and respon-
sible for the “cytokine storm”. For more explanation, see text
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and the pro-inflammatory forces overwhelm the anti-inflammatory response 
(Fig.  43.1b). This overwhelming pro-inflammatory response can impair cellular 
function leading to increased vascular permeability, edema formation and subse-
quent organ dysfunction [16]. The overwhelming, acute release of pro- inflammatory 
cytokines and mediators is termed the “cytokine storm” [17]. As time goes by and 
pro-inflammatory activity is exhausted, anti-inflammatory forces may overwhelm 
pro-inflammatory forces, resulting in persistent immunoparalysis, leaving the 
patients prone to further infections.

In this chapter, our main interest is in modulation of the early dysregulated inflam-
matory response in septic patients. One of the key issues in this context is how to 
monitor the inflammatory response at the bedside? Which is the best biomarker to 
indicate a cytokine storm? Measuring all sorts of cytokines in a bundle- type fashion 
during daily practice is very costly, and there are limited data to explain how to inter-
pret these results. The most frequently used clinical biomarkers of inflammation are: 
C-reactive protein (CRP), white blood cell (WBC) count, interleukin (IL)-6, soluble 
CD14-subtype (presepsin) and procalcitonin (PCT). Several studies, including ours, 
have shown that conventional markers of infection such as WBC count, body tem-
perature and CRP are poor or unreliable, and are slowly acting indicators of inflam-
mation [18]. In our daily routine, we use PCT to monitor the inflammatory response 
for several reasons, but explaining those are beyond the scope of this article; however 
they were discussed in detail in a recent review [19].

43.3  Cytokine Adsorption as Adjuvant Therapy

Given the pivotal role of cytokine production in sepsis, it seems logical that removal 
of these substances may attenuate the response and enhance recovery [20]. This is 
the basis of blood purification, which initially encompassed renal replacement ther-
apies, in particular hemofiltration, to try and reduce the concentrations of inflamma-
tory mediators in the circulation [20]. It was assumed that using these techniques 
would allow the mass removal of circulatory mediators in a non-specific manner 
[21–23]. Despite early promise, no multicenter randomized controlled studies have 
demonstrated a survival benefit. Following this, so-called high-volume hemofiltra-
tion, where higher flows may lead to increased removal, was tried (the immune 
modulation hypothesis), again with no success [8, 21, 24, 25]. Extracorporeal 
hemoadsorption with polymyxin B showed improvement in organ dysfunction and 
a survival benefit in small studies [26] including a small randomized trial [27], 
while larger trials could not confirm these beneficial effects [28, 29].

A relatively new alternative for extracorporeal blood purification is cytokine 
hemoadsorption. The only specifically approved device for this purpose is CytoSorb® 
(CytoSorbents, Corporation, New Jersey, USA), which consists of a single-use 
hemoadsorption cartridge that can be used with standard blood pumps, such as those 
found on devices routinely used for renal replacement therapy (RRT) [30–32].

CytoSorb contains biocompatible, porous polymer polystyrene beads in a car-
tridge of about 300 mL, which is able to adsorb a broad spectrum of molecules with 
molecular weights between the range of 5 and 60 kDa making it suitable to adsorb 
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most pro- and anti-inflammatory cytokines. The cartridge has a filling blood volume 
of 120 mL and is pre-filled with 0.9% sodium chloride. The adsorber is gamma- 
sterilized and can be stored for 3 years. One device has an estimated active adsorb-
tion surface area of ~40,000 m2 compared to conventional hemodialysis membranes 
with an average surface area of 2–2.5 m2 [33]. Technically, it can be used either as 
stand-alone hemoperfusion treatment or in conjunction with RRT, heart-lung 
machines and extracorporeal membrane oxygenation (ECMO) devices.

During the onset of septic shock, because of the dysregulated immune response, 
both pro- and anti-inflammatory activity increases, but the pro-inflammatory 
response is more pronounced (Fig. 43.1b). CytoSorb is capable of adsorbing mole-
cules irreversibly from the blood from both pro- and anti-inflammatory groups, but 
it follows simple logic that more molecules are adsorbed from the group that is most 
prevalent (i.e., mainly pro-inflammatory molecules during the cytokine storm). This 
is the postulated mechanism of how CytoSorb therapy helps to regain control by 
restoring the balance between pro- and anti-inflammatory cytokines and other 
PAMPs and DAMPs, bringing them closer to within a ‘normal’ range. This also 
explains why, in part, the treatment is reported to be most effective within the first 
24 h after the onset of septic shock [34].

The potential clinical benefits of the treatment are all related to the attenuation of 
the inflammatory—mainly the pro-inflammatory—response. This may be reflected 
in the decreasing serum levels of certain cytokines and biomarkers, and in the rever-
sal of vasoplegia resulting in reduced vasopressor requirements, as found in several 
case studies (see below).

Despite the fact that convincing evidence from large randomized trials showing 
benefit is not yet available, CytoSorb use has gained momentum over the last years. 
According to the manufacturer, to date more than 46,000 CytoSorb treatments have 
been reported in more than 700 medical centers around the world [32]. What we 
have learned so far about the treatment’s effect is mainly based on the results of 
animal experiments, case reports, observational studies (including a registry) and a 
few clinical trials.

43.4  Current Data

43.4.1  Animal Experiments

In general, experimental data for cytokine adsorption therapy has shown positive 
results in its ability to reduce circulating cytokine levels, attenuate the inflammatory 
response of leukocytes and improve hemodynamics and sepsis-related survival [35]. 
In a recent sepsis animal model, rats were injected with endotoxin and underwent 
CytoSorb therapy resulting in up to 50% decreases in the levels of IL-6, IL-10 and 
tumor necrosis factor (TNF)-α, within 2 h of treatment initiation, with improved 
hemodynamic stability and increased short-term survival [32]. In another rat model 
of sepsis using cecal ligation and puncture, animals treated with hemoadsorption 
had trends to improved renal and hepatic function compared to the sham group [36].
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43.4.2  Human Data

We have limited knowledge regarding extracorporeal cytokine adsorption in the 
context of clinical studies. The analysis of 1886 patients with presumed pneumonia 
by Kellum et al. found that elevated pro- and anti-inflammatory cytokine levels may 
predict the presence and mortality of severe sepsis [37]. Both pro- and anti- 
inflammatory cytokine levels were measured (IL-6, TNF, IL-10). Mean levels of all 
three cytokines were elevated on the first day. The highest cytokine levels were 
measured in fatal severe sepsis and the lowest in community-acquired pneumonia 
(CAP) with no sepsis. Combined high levels of the pro-inflammatory IL-6 and anti- 
inflammatory IL-10 was associated with the highest risk of death (hazard ratio 20.5; 
95% confidence interval [CI] 10.8–39.0, p < 0.001).

Cytokine overproduction is frequently present in various life-threatening condi-
tions such as sepsis, trauma, major surgery, viral infections, acute respiratory dis-
tress syndrome (ARDS), severe burn injury, acute pancreatitis and hepatic cirrhosis 
to name just a few. A handful of reports have been published about the use of 
CytoSorb treatment in some of these conditions, including in fulminant liver failure 
and hemophagocytic syndrome [38], β-hemolytic streptococcus-induced necrotiz-
ing fasciitis [39], septic shock with multiple organ dysfunction [40], and rhabdomy-
olysis [41]. As found in the aforementioned animal experiments, elevated cytokine 
levels have been reported during donor conditioning for organ transplantation, 
which were associated with dysfunction of donor organs before and after transplan-
tation [42, 43]. In a recent clinical trial it was found that in addition to conventional 
treatment, attenuation of the inflammatory response by cytokine absorption could 
prolong graft survival [43].

A recently published, randomized, controlled trial by Schadler et al., investigated 
clinical outcomes in 97 mechanically ventilated patients with sepsis who underwent 
hemoadsorption therapy for 6 h per day for 7 consecutive days. Although the 6-h treat-
ment did not result in an overall reduction in IL-6 compared to controls over a 24-h 
period, there was increased IL-6 elimination with the use of hemoadsorption [44].

We recently completed a prospective, randomized, controlled clinical proof-of- 
concept pilot study (Adsorbtion of Cytokines Early in Septic Shock [ACESS]). The 
aim was to investigate the effects of CytoSorb therapy applied as a 24-h standalone 
treatment in patients with septic shock. A total of 20 patients were involved and 
randomized into two groups: CytoSorb treated (n = 10) and control (n = 10) group. 
At the end of the 24-h treatment period, vasopressor requirements in the CytoSorb 
group were significantly lower than in the controls and PCT levels had also decreased 
significantly [45].

According to the latest published results of the CytoSorb Registry, there may 
also be survival benefit related to CytoSorb therapy [46]. Out of the 198 treated 
patients, 135 had septic shock. The predicted mortality of these patients on ICU 
admission was around 80% (mean APACHE II of 33) and the observed mortality 
was 65%.

Until we see the results of large trials, the message from the currently published 
human data indicates that: (1) CytoSorb therapy has been proved to be safe as no 

43 Extracorporeal Cytokine Removal in Septic Shock



564

side effects have been reported thus far; (2) it seems to attenuate the inflammatory 
response especially as indicated by a series of measurements of IL-6 and PCT lev-
els; (3) and it reduces vasopressor requirements dramatically.

43.5  How We Do It?

Adjunctive therapies in critically ill patients are by-and-large indicated in the case 
of persistent shock (high dose of vasopressor requirement and multiple organ fail-
ure) that shows no improvement after adequate resuscitation, appropriate antimicro-
bial therapy and source control, and when the levels of inflammatory mediators 
remain elevated or are increasing despite several hours of standard treatment [47]. 
This approach has been implemented in clinical practice and tested in a recently 
conducted proof-of-concept pilot trial, the ACESS study, as already mentioned in 
the previous paragraphs.

The inclusion criteria in the ACESS trial were the following: intubated, mechani-
cally ventilated patients with suspected septic shock of medical origin; invasive 
hemodynamic monitoring-guided need for norepinephrine >10  μg/min; elevated 
lactate levels >2.0 mmol/L; and a PCT level ≥3 ng/mL. Inclusion had to take place 
after the first at least 6 h of resuscitation and antibiotic therapy, when there was no 
improvement as indicated by steady or increased norepinephrine requirement and 
confirmed by invasive hemodynamic measurements. CytoSorb treatment had to be 
commenced within the first 24 h after ICU admission or the onset of septic shock. 
As we specifically aimed to investigate the effects of stand- alone CytoSorb treat-
ment, patients with acute or chronic renal insufficiency requiring RRT were 
excluded from the study.

This approach, based more-or-less on the inclusion criteria of the ACESS trial, 
has now been implemented into our daily routine. CytoSorb is either used on its own 
or in combination with RRT, in other words, RRT is not a pre-requisite of treatment, 
unlike in many other centers, where CytoSorb is only used in conjunction with RRT.

Regarding technical issues, we follow the company’s recommendations and 
CytoSorb is placed in a blood pump circuit using an ordinary RRT device 
(MultiFiltrate, Fresenius Medical Care), with heparin anticoagulation and a blood 
flow rate of 250–400 mL/min. Alternatively, citrate or argatroban anticoagulation 
may also be used.

The broad details of the above-mentioned approach on ‘which patient, when and 
how’ to use CytoSorb are summarized in Fig. 43.2. The key elements of this are: (1) 
patients have to be in septic shock with two or more organ failures, but with a real-
istic chance of survival; (2) in terms of the patient’s clinical progress, the most 
important element is vasopressor (norepinephrine) requirements; (3) in case of no 
improvement after a certain period of time of resuscitation, advanced hemodynamic 
monitoring is added to routine monitoring (which is a prerequisite before CytoSorb 
therapy), in order to prove sepsis-caused vasoplegia, and to exclude unrecognized, 
treatable causes of hemodynamic instability, such as hypovolemia, inotropic 
requirement, etc.; (4) finally, in case of no further improvement or in fact worsening 
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in vasopressor requirements despite adequate fluid resuscitation and hemodynamic 
stabilization, PCT results are evaluated and if these are grossly elevated or tending 
to increase, CytoSorb treatment can be commenced.

43.6  Questions to Be Answered in the Future

43.6.1  Which Patients Would Benefit the Most?

CytoSorb therapy is not cheap and is invasive, requiring installation of an extracor-
poreal circuit be it a stand-alone treatment or in conjunction with RRT; hence, care-
ful patient selection is mandatory. Therefore, the first question that has to be 

Infection
Host
response

Septic
shock

Resuscition and source control

Improvement?

Organ support

Improvement?

Advanced hemodynamic
monitoring

Resuscitation completed?

Improvement?

High NE + High
PCT?

Adjuvant therapy:
CYTOSORB

Yes

No

Continue resuscitation

Improvement?

Continue as necessary

Continue as
necessary

Continue as
necessary

Fig. 43.2 Algorithm for use of CytoSorb therapy in our institute. Once septic shock is suspected, 
the first steps are basic resuscitation and source control: oxygen therapy, fluid resuscitation, empir-
ical antibiotics with or without surgical removal or drainage of source. In case of improvement, 
management is ‘continued as necessary’, indicated by the patient’s condition. In case of no 
improvement, ‘organ support’ is started, meaning: mechanical ventilation, vasopressor support, 
routine intensive monitoring (central venous, arterial and bladder catheters). If there is still no 
improvement, meaning increasing vasopressor requirements, lactate levels, worsening oxygen-
ation, etc., then advanced hemodynamic monitoring-guided management is commenced in order 
to continue resuscitation. In cases where there is still no improvement and if procalcitonin (PCT) 
is elevated or shows an increasing trend, then CytoSorb therapy is considered. NE norepinephrine
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answered in the near future is: which patients benefit the most? In other words, on 
what basis should clinicians select the patient population and on what basis can the 
use of this adjunctive therapy be indicated?

As the working principle of CytoSorb is the concentration-dependent removal of 
substances, first patients with proven cytokine storm should be selected. This so- 
called biomarker-directed approach has also been recently suggested and recom-
mended by others [32, 44] and is perfectly in line with the concept of the ACESS 
trial, which was based on a PCT-directed approach. The best biomarker to monitor 
the pro-inflammatory response in order to define the correct time point to intervene 
is yet to be determined, but at present undoubtedly the most experience and knowl-
edge has been gathered from PCT studies [48].

However, it is important to note that making decisions based solely on biomark-
ers, especially on certain absolute or cut-off values of a given biomarker can be 
misleading. On the one hand, absolute values often reflect individual responses, 
hence they show a huge individual scatter, therefore, observing kinetics may be 
more beneficial [18]. On the other hand, biomarker values should always be put in 
the context of the clinical picture. Many patients will improve after standard resus-
citation, source control and organ support, hence they do not need adjunctive ther-
apy. But those who have received all the above, and do not deteriorate but do not 
improve either, may need some extra help in the form of adjunctive therapy, such as 
extracorporeal cytokine removal.

43.6.2  Timing of Treatment

There seems to be some sort of an agreement amongst those studying cytokine 
removal, and adjunctive therapies in general, that these should be commenced early, 
preferably within the first 24 h after the onset of septic shock [32, 34]. However, it 
is also important to acknowledge that treatment should not be started too early 
either. Many patients will have a positive response to initial standard treatment and 
commencing any adjuvant therapy in these patients would be unnecessary. The 
major challenge here is to define this optimal time frame within which extracorpo-
real cytokine removal would give the best results. Because of the heterogeneity in 
individual responses, this time frame cannot be generalized and should not be set as 
standard for every case. Appropriate indicators that help to assess the situation need 
to be further evaluated.

43.6.3  How Long Should Treatment Last?

Currently most centers apply the company’s recommendations and give one treat-
ment for 24 h [31]. However, this time frame is arbitrary, without clear evidence. In 
a recent study, we measured PCT levels before and after the CytoSorb cartridge in 
20 patients (study is still ongoing). The interim analysis on the first 8 treatments 
clearly showed that shortly after commencing treatment the device had removed 
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more than 90% of the PCT from the blood flowing through it, but after 12 h this was 
less than 10%, with no further change over the subsequent 12 h of therapy [45]. 
Although this can only be interpreted for PCT, these results suggest that it would be 
worthwhile to measure other important cytokines and molecules, and determine if 
this change in the removal rate over time can only be applied for PCT, or also to 
other molecules that may also behave in the same way? If the latter is true, then the 
cartridge should be changed every 12 h in general, but if the removal rate varies 
according to the given substance that we want to adsorb, then treatment time should 
be adjusted accordingly.

43.6.4  Assessing Treatment Efficacy and when to Stop?

To date, the most obvious effects reported by several authors are the reduction in 
vasopressor requirement and reduced levels of biomarkers and cytokines. There 
are also data from a recent case report that capillary integrity may be better pre-
served and capillary leakage reduced as an effect of CytoSorb therapy [49]. When 
human endothelial cells were treated ex vivo with the serum of the same septic 
patient before and 24 h after CytoSorb treatment, there was a dramatic improve-
ment in transendothelial resistance. Taking this into account, measures such as 
extravascular lung water or other parameters suitable for evaluating capillary 
leakage, could be assessed in the future to see if they could be used as measures 
of treatment efficacy.

Regarding the length of treatment, it is also the company’s recommendation to 
change the adsorber daily for up to 7 consecutive days [31]. As in the case of how 
long one treatment should last, the length of total therapy is arbitrary. Terminating 
CytoSorb therapy should be based on careful evaluation of the clinical picture and 
the behavior of the biomarkers used. It is important to bear in mind that since most 
cytokines are adsorbed by the cartridge, the change in cytokine/biomarker levels 
while on treatment may show a false positive signal of improvement.

Therefore, further trials should address this issue by testing different lengths of 
treatment with some time in between each treatment during which the patient’s 
clinical progress and biomarker level changes are observed.

43.6.5  Removal of Other Substances

CytoSorb removes not only cytokines but several other molecules and substances, 
including myoglobin, free hemoglobin, bilirubin, bile acids and certain drugs such 
as venlafaxine, ticagrelor, meropenem and vancomycin [50]. In the context of septic 
shock, antibiotics are certainly the most important to consider and this effect raises 
the question whether drug serum levels should be monitored in patients who receive 
those antibiotics that are adsorbed by CytoSorb, while on treatment. This is another 
important issue to be investigated in the future.
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43.7  Conclusion

Extracorporeal cytokine removal by CytoSorb has been tried and tested in tens of 
thousands of patients so far and has been proven to be a safe therapy in several criti-
cally ill conditions, which are assumed to be the result of a dysregulated host 
response caused cytokine storm. The continuous increase in the number of patients 
treated worldwide indicates that the positive results of case reports and observa-
tional studies can be repeated at the bedside. Time will tell whether these positive 
short-term effects of decrease in inflammatory biomarker levels, and reduction in 
vasopressor requirements, will eventually translate into longer term survival bene-
fits for patients with septic shock.
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44Iron Metabolism: An Emerging 
Therapeutic Target in Critical Illness

E. Litton and J. Lim

44.1  Introduction

Iron is required for erythropoiesis and is also essential for many other life- sustaining 
functions including deoxyribonucleic acid (DNA) and neurotransmitter synthesis, 
mitochondrial function and the innate immune response. Despite its importance in 
maintaining health, iron deficiency is the most common nutritional deficiency 
worldwide and many of the risk factors for iron deficiency are also risk factors for 
developing critical illness. The result is that iron deficiency is likely to be over- 
represented in critically ill patients, with an estimated incidence of up to 40% at the 
time of intensive care unit (ICU) admission [1].

Critical illness results in profound and characteristic changes to iron metabolism 
that are highly conserved from an evolutionary perspective. These changes are 
mediated predominantly by the polypeptide hepcidin, which acts to decrease the 
absorption and availability of iron, despite acute phase increases in iron-binding 
proteins, such as ferritin, which may suggest normal or increased iron stores. The 
result is a state of functional iron deficiency. This may be protective in the short 
term, providing a form of ‘nutritional immunity’ against invading microbes by 
diminishing access to free iron in response to infection. However, by reducing the 
capacity of the body to access iron for vital processes, persistent functional iron 
deficiency can become harmful. For patients with prolonged ICU admission, this 
may contribute to critical illness-associated cognitive, neuromuscular and cardio-
pulmonary dysfunction.
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Historically, the possibility of iron deficiency was largely unexplored in critically 
ill patients due to the confounding effects of acute inflammation on commonly 
available iron measures, the lack of safe and effective treatments and uncertainty as 
to the clinical significance of deranged iron metabolism. However, assays, including 
hepcidin, offer the potential to identify iron restriction despite the presence of 
inflammation and may be coupled with promising therapeutic options to address 
issues including nosocomial infection and functional recovery for patients admitted 
to the ICU.

These advances are timely as emerging data suggest that disordered iron metabo-
lism is of substantial prognostic significance in critical illness. High serum transfer-
rin saturation and iron concentration are independent predictors of mortality in 
patients admitted to the ICU [2]. These data are consistent with findings of increased 
infection risk and organ failure associated with deranged iron metabolism in studies 
of patients undergoing hematopoietic stem cell and renal transplantation [3, 4]. 
Failure to maintain iron homeostasis early after a profound insult may result in an 
accumulation of highly reactive free iron, or non-transferrin bound iron, inflicting 
further oxidative stress on vulnerable organs or scavenged by invading microorgan-
isms. The requirement for tight homeostatic control of iron metabolism is further 
demonstrated by population data from Norway, suggesting an association between 
severe iron deficiency and risk of bloodstream infection [5].

In summary, the available evidence suggests that both iron deficiency and iron 
excess may be harmful for critically ill patients and that clinical assessment of iron 
status in the ICU is important and should include consideration of both possibilities. 
The risks related to different iron states and associated iron study patterns are pro-
vided in Fig. 44.1.

Adverse
events

Anemia
Cognitive
dysfunction
Reduced muscular
endurance
Infection risk

↓Hepcidin
↓TSAT

↑Hepcidin
↑TSAT

Oxidative stress
Infection risk

Low Normal High Available iron

Fig. 44.1 Diagnostic patterns and risk of adverse effects related to different iron states. TSAT 
transferrin saturation

E. Litton and J. Lim



575

The advent of safe and effective intravenous iron preparations provides an oppor-
tunity to explore the potential benefits of treating patients diagnosed with functional 
iron deficiency in the ICU, when enteral iron is ineffective due to the actions of 
hepcidin. Intravenous iron therapies have largely been investigated in the context of 
erythropoiesis. There are high quality data that intravenous iron, compared to either 
oral iron or no iron, significantly decreases anemia and red blood cell (RBC) trans-
fusion requirement in hospitalized patients, albeit with a potential increased risk of 
infection [6]. The evidence for patients admitted to the ICU is less clear. To date few 
randomized controlled trials (RCTs) have been conducted in critically ill patients, 
although a recent multicenter study suggested that intravenous iron is biologically 
active in this population, increasing hemoglobin without any signal of harm [7].

Whilst much of the focus of iron has been as a treatment for anemia, a risk factor 
for adverse outcomes in patients admitted to the ICU, non-anemic iron deficiency 
impairs aerobic metabolism and is associated with reduced maximal oxygen con-
sumption (VO2max), muscle endurance and cognitive performance [8–10]. It is plau-
sible that interventions to address disrupted iron metabolism may have much wider 
benefit for reducing complications and improving functional recovery after critical 
illness, independent of erythropoiesis.

The similarities are striking between the pathological consequences of the altera-
tions in iron metabolism during critical illness and many common and characteristic 
complications, particularly those associated with functional impairment, in patients 
requiring prolonged ICU admission. Exploring the role of iron dysmetabolism in 
nosocomial infection and cognitive, neuromuscular and cardiopulmonary dysfunc-
tion may uncover novel therapeutic targets to help to address the substantial public 
health burden of these conditions in survivors of critical illness.

44.2  Iron Metabolism and Critical Illness

Critical illness precipitates an inflammatory response that results in early and pro-
found changes in iron metabolism. An acquired form of iron dysmetabolism can be 
said to occur when these changes are persistent and contribute to impaired end- 
organ function. Ferritin, a major repository of intracellular iron, and the iron- binding 
glycoprotein, lactoferrin, are acute phase reactants and are upregulated in propor-
tion to the severity of the inflammatory response [11]. The higher affinity of ferritin 
and lactoferrin to bind iron relative to transferrin, the circulating iron transporter 
and a negative acute phase reactant, results in hypoferremia [11]. This pattern of low 
serum iron, low transferrin and high ferritin occurs in more than 75% of critically ill 
patients within 3 days of ICU admission [12, 13]. Akin to the partial uncoupling of 
intravascular volume status from total body water as a common consequence of ICU 
treatment in critical illness, total body iron stores may become uncoupled from 
available and circulating iron.

Although the immediate changes in ferritin and transferrin are initiated directly 
by cytokines, it is the effect of hepcidin, described as the master regulator of iron, 
that determines the severity and duration of an iron-restricted state. Hepcidin, a 
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25-amino acid peptide hormone synthesized predominantly by hepatocytes, is 
secreted in response to a variety of stimuli including inflammatory cytokines and 
iron excess. Hepcidin acts by binding to and degrading ferroportin, a cellular iron 
exporter found in duodenal cells, macrophages and hepatocytes. Increasing hepci-
din secretion decreases the intestinal absorption of dietary iron, decreases the 
release of recycled heme iron by macrophages, increases the sequestration of iron 
stores in hepatocytes and reduces circulating free iron [14].

There are two key clinical consequences of the changes in iron metabolism 
associated with critical illness. The first is that diagnosis of functional iron defi-
ciency is problematic and cannot be reliably excluded on the basis of standard 
iron study parameters. The second is that a persistent state of dysmetabolism 
predisposes a vulnerable population to the consequences of iron-restricted 
metabolism, a state most commonly considered in the context of erythropoiesis 
but with important implications for the risk and severity of nosocomial infection 
and critical illness- associated cognitive, neuromuscular and cardiopulmonary 
dysfunction.

44.2.1  Diagnosing Iron Deficiency

The inflammatory response that occurs in critical illness confounds the interpreta-
tion of commonly available assays to diagnose iron deficiency, including ferritin 
and transferrin. To address this, one approach has been to alter the threshold values 
of these markers to account for the acute phase response [15]. In patients with ane-
mia requiring long term dialysis, a serum ferritin of <200 μg/L is highly suggestive 
of iron deficiency and predicts a good response to intravenous iron, whereas patients 
with a ferritin of between 500–1200 μg/L and a transferrin saturation <25% may 
also show an increase in hemoglobin in response to intravenous iron [15]. By apply-
ing similar criteria in critical illness, iron-restricted erythropoiesis has been reported 
to occur in more than a fourth of patients on admission to ICU [16]. However, vali-
dation studies against a gold standard of iron deficiency in critically ill patients are 
lacking and the accuracy of these criteria in predicting response to intravenous iron 
in this setting remains uncertain. Given the association between high transferrin 
saturation and adverse outcomes in critically ill patients, it may be that standard 
measures of iron metabolism are of greater use in identifying patients with potential 
iron overload, in whom intravenous iron therapy may pose greater risks, than in 
diagnosing functional iron deficiency per se.

In contrast, serum hepcidin concentration appears to provide a more reliable sig-
nal of iron-restricted erythropoiesis, decreasing in concentration with the onset of 
iron deficiency in patients admitted to the ICU even in the presence of inflammation 
[17]. In a recent study in critically ill patients with anemia, serum hepcidin concen-
tration, but not ferritin or transferrin saturation, was able to identify patients in 
whom intravenous iron therapy was effective in reducing RBC transfusion require-
ment [18]. These findings require validation in further studies but are similar to 
findings in oncology, where hepcidin concentration appears to predict response to 
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intravenous iron therapy in patients with chemotherapy-induced anemia [19]. In 
order for large validation studies to occur, accurate, clinically-available hepcidin 
assays are required.

A two-stage process may be of value, in which standard iron assays are first used 
to exclude patients at risk of iron excess and identify clear cases of iron deficiency. 
For patients not clearly overloaded or deficient, hepcidin concentration is then mea-
sured. As the evidence base grows and the role of hepcidin becomes more clearly 
defined, studies investigating its association with functional outcomes after ICU 
may also be of substantial interest.

44.2.2  Anemia

Anemia is associated with adverse outcomes and remains the most common indica-
tion for RBC transfusion in patients admitted to the ICU, even when adherence to a 
conservative transfusion threshold is high [20]. Preventing the onset and progression 
of anemia requires a multifaceted approach adapted to the specific clinical context. 
Major surgery requiring elective ICU admission represents a large patient cohort 
where a pre-emptive approach is preferable [21]. Approximately one in three patients 
scheduled to undergo major surgery is anemic, a potentially modifiable risk for peri-
operative adverse events, including myocardial infarction, stroke and mortality [22]. 
A recent international consensus statement recommends routine screening of all 
patients undergoing surgery with an expected blood loss >500 mL and consideration 
of intravenous iron for patients with anemia and evidence of iron deficiency when 
oral iron is inefficacious, not tolerated or surgery is planned to occur in less than 6 
weeks [23]. In contrast, a Cochrane review on the use of preoperative iron therapy to 
correct anemia identified only three small RCTs and found no significant reduction 
in allogeneic RBC transfusion requirements [24]. The safety and efficacy of preop-
erative intravenous iron therapy is now the focus of several ongoing large scale RCTs 
in cardiac, abdominal and orthopedic surgery. A summary of major completed and 
ongoing RCTs of preoperative intravenous iron is provided in Table 44.1.

For patients admitted to the ICU there is some evidence to guide decisions on the 
use of intravenous iron therapy. A systematic review and meta-analysis on the effi-
cacy of intravenous iron in the treatment of anemia in ICU patients did not demon-
strate a significant decrease in anemia or RBC transfusion requirements but only 
included five relatively small studies [25]. More recently, a multicenter RCT includ-
ing 140 patients demonstrated that intravenous iron administered within 48 h of 
ICU admission resulted in a significant increase in hemoglobin concentration at 
hospital discharge (107  g/L vs. 100  g/L, p  =  0.02) without any infusion-related 
adverse event, but no difference in RBC transfusion rates, hospital length of stay or 
mortality [7]. Although these data suggest biological activity, the available evidence 
is currently insufficient to assess the effect of early intravenous iron administration 
on patient outcomes, or to exclude increased infection risk.

The timing of intravenous iron administration in patients admitted to the ICU may 
also be a strong determinant of whether the benefits outweigh the risks. The period of 
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Table 44.1 Randomized controlled trials of intravenous (i.v.) iron in major surgery

Study, year [ref], number (n) 
of patients Population Intervention Outcomes
Kim, 2017 (FAIRY trial) 
[48]
n = 454

Anemia 
post-radical 
gastrectomy

500–1000 mg i.v. 
FCM

Significantly more  
Hb responders
No significant 
differences in QoL

Johansson, 2015 (PROTECT 
trial) [49]
n = 60

Non-anemic 
patients 
undergoing 
cardiac surgery

100 mg i.v. iron 
isomaltoside

More non-anemic 
patients in i.v. iron 
group
Higher Hb 1 month 
postoperative in i.v. iron 
group

Bernabeu-Wittel, 2016 [50]
n = 306

Hip fracture 
surgery

1 g i.v. FCM+ 
40,000 IU s.c. 
EPO

Higher Hb at discharge 
and 60-days 
post-discharge
No significant 
differences in ABT, 
mortality, HRQoL, 
adverse events.

Froessler, 2016 [51]
n = 72

Abdominal 
surgery with IDA

500–1000 mg i.v. 
FCM

Reduced ABT
Improved preoperative 
Hb
Improved postoperative 
Hb
Reduced LOS

Intravenous iron for 
Treatment of Anemia before 
Cardiac Surgery (ITACS; 
ClincialTrials.gov Identifier: 
NCT02632760)

Anemic patients 
before elective 
cardiac surgery

1 g i.v. FCM (or 
similar product)

Primary outcome: 
Number of days alive 
and out of hospital from 
surgery to 30 days 
post-surgery

Preoperative Intravenous 
Iron to Treat Anemia in 
Major Surgery (PREVENTT; 
ClinicalTrials.gov Identifier: 
NCT01692418)

Anemic patients 
before major 
open abdominal 
surgery

1 g i.v. FCM Primary outcome: ABT 
requirement

Intravenous Iron, Functional 
Recovery and Delirium in 
Patients with Hip Fracture 
(FEDEREF; EudraCT: 
2014-001923-53)

Hip fracture 
patients

200 mg iron 
sucrose on days 1, 
3 and 5 from 
admission

Primary outcome: 
Functional variables, 
including ability to 
perform activities of 
daily living and 
walking.
Cognitive variables, 
including cognitive 
status and incidence of 
delirium
ABT requirement

ABT allogeneic blood transfusion, EPO erythropoietin, FCM ferric carboxymaltose, Hb hemoglo-
bin, HRQoL health-related quality of life, IDA iron-deficiency anemia, LOS length of stay, QoL 
quality of life, s.c. subcutaneous
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greatest physiological stress generally occurs early after ICU admission. The effects 
of critical illness and related treatments, such as RBC transfusion and catecholamine 
infusions, increase the risks and also exacerbate the consequences of iron dysmetabo-
lism and excess free iron. A diminished capacity to process exogenous parenteral iron 
may worsen this situation. In vitro data suggest dose- dependent and formulation-
dependent effects of intravenous iron compounds on macrophage handling and the 
extent of oxidative stress [26]. Early initiation of intravenous iron provides time to 
develop an erythropoietic response. However, this neglects a wider therapeutic win-
dow after the most acute period of critical illness has abated when the risk benefit ratio 
may be more favorable and addressing the functional outcomes of prolonged ICU 
admission can be prioritized. The temporal changes in iron metabolism and response 
to intravenous iron therapy in critical illness are summarized in Fig. 44.2.

44.2.3  Cognitive Dysfunction

Cognitive dysfunction is common in survivors of critical illness, affecting more 
than one in four patients and often persisting after physical recovery [27]. The 
pathophysiology is multifactorial and characterized by new deficits or deterioration 
of pre-existing mild deficits in global cognition or executive function. However, 
the underlying causes remain poorly understood and there are no established treat-
ments [27].

Iron is essential for neurotransmitter synthesis, uptake and degradation and is 
necessary for mitochondrial function in metabolically active brain tissue [28]. Iron 
deficiency has cerebral and behavioral effects consistent with dopaminergic dys-
function, manifesting as poor inhibitory control and diminished executive and motor 
function [29]. In both children and pre-menopausal women with non-anemic iron 

ØRisk of
i.v. iron

Before Critical IIlness During Critical IIlness Recovery

Capacity to
utilize
exogenous
iron

Iron
sequestration

≠Risk of 
i.v. iron

Fig. 44.2 Changes in iron storage and capacity to use iron over time in critical illness
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deficiency, iron supplementation is associated with improved mental quality-of-life 
and cognitive function [9, 30]. Studies on the effects of intravenous iron on cogni-
tive outcomes in patients recovering from critical illness are currently lacking and 
will need to consider the optimal timing, dose and duration of therapy.

44.2.4  Neuromuscular Dysfunction

Critical illness myopathy is a frequent complication of prolonged acute illness, 
affecting a substantial proportion of patients admitted to ICU. Weakness is often 
prolonged with many patients experiencing decreased exercise capacity and com-
promised quality of life years after the acute event [31]. Even in healthy non-anemic 
subjects, adequate iron status is essential for efficient aerobic capacity [10]. Fatigue 
is also a significant factor in recovery after critical illness, influencing a patient’s 
ability to engage with rehabilitation. Iron deficiency persisted in more than one in 
three patients at 6 months after prolonged ICU admission and is associated with 
increased fatigue independent of anemia [32]. Given the catabolic state conferred 
by critical illness and role of iron in myoglobin and muscle oxidative metabolism, 
further evaluation of the relationship between iron deficiency and critical illness 
myopathy may provide insight into the role of iron supplementation in improving 
physical recovery after acute severe illness.

44.2.5  Cardiopulmonary Dysfunction

Iron is an essential component of structural proteins in cardiomyocytes and an obli-
gate co-factor for hypoxia-inducible factor (HIF), a mediator of the systemic cardio-
vascular response to hypoxia. As a consequence, iron plays an important role in 
systolic heart function and hypoxic pulmonary vasoconstriction.

Independent of anemia, iron deficiency is associated with increased risk of death in 
patients with heart failure [33]. High quality evidence suggests that intravenous iron 
for patients with systolic heart failure improves exercise capacity, survival and quality 
of life [34]. Critical illness may impair myocardial iron use through a number of 
mechanisms including catecholamine-induced downregulation of myocardial trans-
ferrin receptor 1 (TfR1) and upregulation of hepcidin [35]. Emerging data also sug-
gest disrupted iron metabolism may be important in various subtypes of pulmonary 
artery hypertension and that altitude-associated pulmonary artery hypertension is 
improved by intravenous iron therapy [36]. Pulmonary artery hypertension, and asso-
ciated right ventricular dysfunction, is common in patients admitted to the ICU with 
severe acute respiratory distress syndrome (ARDS) and is a poor prognostic indicator 
[37]. Whether the beneficial effects of intravenous iron for patients with isolated sys-
tolic heart failure and pulmonary artery hypertension are translatable to patients being 
treated in the ICU requires further investigation, but assessment of iron status and 
potential initiation of iron therapy in patients with severe cardiac failure and markers 
of iron deficiency should be considered on an individual patient basis.
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44.2.6  Infection

The term ‘nutritional immunity’ describes the changes in iron metabolism of the 
mammalian host during infection, in which the acute phase response acts to limit 
the availability of free iron for microbes including invasive fungi and avid iron-
binding bacteria [38, 39]. Hereditary iron overload disorders increase the risk and 
severity of infection with siderophilic bacteria, such as Vibrio vulnificus and Yersinia 
enterocolitica, although these bacteria are only moderately pathogenic in other set-
tings [39]. Iron overload not only predisposes to infection from particular organ-
isms, but also then impairs components of the innate immune response including 
chemotaxis, phagocytosis, lymphocyte and macrophage function [40].

Investigating a potential causal link between iron supplementation and infection 
risk is complex. The relationship is likely to depend on a large range of factors, 
including the setting, participant population and particular iron dosing strategy. For 
example, oral iron supplementation for children in malaria endemic areas does not 
appear to increase the risk of malaria overall, but may increase the risk where 
malaria prevention strategies are unavailable and decrease the risk where they are 
available [41]. Although an increased risk of infection has been suggested in a sys-
tematic review of RCTs investigating hospitalized patients treated with intravenous 
iron, infection was only reported in a minority of trials and the risk, including in 
critically ill patients, remains uncertain [6]. A RCT of intravenous iron sucrose 
compared with oral iron in patients with chronic kidney disease was stopped early 
due to increased serious adverse events, including infection requiring hospitaliza-
tion, in the intravenous iron group [42]. On the other hand a RCT of intravenous 
ferric carboxymaltose for patients with cardiac failure demonstrated improved func-
tional capacity and quality of life with no significant between- group differences in 
serious adverse events, including infection [43]. These contrasting findings demon-
strate the need for context-specific assessment of infection risk and the potential for 
dose and formulation-dependent differences [26]. For patients admitted to the ICU, 
it is plausible that the risk of infection related to parenteral supplementation is not 
uniform, but may vary between patients and within a patient over time (see 
Fig. 44.2).

Whilst uncertainty regarding the risk of infection may still limit widespread use 
of intravenous iron in the acute phase of critical illness, the relationship between 
changes in iron metabolism and infection also provides therapeutic opportunities. 
Nosocomial infection remains a major source of morbidity in patients admitted to 
the ICU.  Oral supplementation with the iron-binding glycoprotein, lactoferrin, 
appears to reduce nosocomial infection in preterm infants, although the results of 
large studies are awaited; results have not been replicated in the adult ICU setting 
[44, 45].

Other potential therapeutic targets of iron metabolism exist or are in develop-
ment that may also be of relevance to reducing nosocomial infection. For example, 
the nutritional immunity conferred by reducing iron availability during infection is 
mediated by hepcidin, secreted in response to inflammatory mediators. However, 
inhibitors of hepcidin secretion, including anemia and hypoxia, may exert a 
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counterbalancing effect in critically ill patients resulting in relative hepcidin defi-
ciency and increased free iron available for invading microbes. For critically ill 
patients with early sepsis and low hepcidin concentrations, hepcidin agonists cur-
rently in development may attenuate the severity of the infective insult [46]. 
Likewise, iron chelators are known to be synergistic with some antifungal therapies 
in managing a range of fungal infections and may be beneficial in the prevention 
and treatment of nosocomial infections [47].

44.3  Conclusion

Iron deficiency is common in the general population and likely to be over- represented 
in patients admitted to the ICU. Critical illness exacerbates this situation by initiating 
a form of functional iron deficiency in which iron absorption and recycling is dimin-
ished and stored iron is less accessible for use. Although there may be beneficial 
short-term effects from this process by conferring a form of nutritional immunity 
against invading microbes, there are also risks. Homeostatic control of iron may be 
lost leading to the risk of iron excess, as suggested by emerging evidence that high 
transferrin saturation is a poor prognostic marker early after ICU admission. Perhaps 
most importantly, whether or not critical illness is initiated by an infection, it is often 
prolonged. Persistent functional iron deficiency may lead to iron dysmetabolism in 
which reduced iron availability contributes to impaired end-organ function.

The reduced availability of iron in critical illness is often considered in the con-
text of anemia, but the consequences are much broader than this and overlap exten-
sively with many of the issues faced by ICU survivors. Correction of non-anemic 
iron deficiency improves cognitive and cardiopulmonary dysfunction and aerobic 
performance and reduces fatigue. Recent data suggest that hepcidin measurement 
may be useful in targeting intravenous iron therapy at those most likely to benefit. 
For patients requiring prolonged ICU admission, considering iron dysmetabolism 
may be of substantial therapeutic benefit in improving functional recovery after 
critical illness.
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45Transferrin as a Possible Treatment 
for Anemia of Inflammation 
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45.1  Introduction

Previously termed ‘anemia of chronic diseases’, anemia developing as a conse-
quence of inflammation is now called anemia of inflammation. In this chapter, we 
describe the prevalence and etiology of anemia of inflammation. Therapeutic strate-
gies for anemia of inflammation that are currently under development are discussed, 
with a special emphasis on the rationale of transferrin as a novel therapy for anemia 
of inflammation.

45.2  Prevalence of Anemia of Inflammation

Anemia is very common in patients in the intensive care unit (ICU). At ICU admis-
sion, the mean hemoglobin concentration is between 10.5–11.3 g/dL [1, 2]. By 3 
days after ICU admission, 95% of patients are anemic [3]. Thereby, anemia can be 
considered a hallmark of critical illness. The cause of the anemia is often multifac-
torial, including insufficient dietary intake, blood loss, hemolysis and iatrogenic 
factors, including frequent blood sampling, hemodilution and bleeding as a result of 
invasive procedures [4]. The most common cause of anemia however, is thought to 
be inflammation, which constitutes another central process in critical illness. 
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Although differentiating between absolute iron deficiency and low iron availability 
due to anemia of inflammation (functional iron deficiency) is difficult, and these 
syndromes may also overlap, novel diagnostic modalities suggest that anemia of 
inflammation may contribute to the development of anemia in the majority of ane-
mic patients [5, 6].

45.3  Etiology of Anemia of Inflammation

Anemia of inflammation results from the inhibitory effects of inflammatory cyto-
kines on erythropoiesis. Interleukin (IL)-1 and tumor necrosis factor (TNF) inhibit 
erythropoietin (EPO) synthesis and activity [7]. These cytokines also inhibit release 
of iron from the reticuloendothelial system and incorporation of iron into red blood 
cells (RBCs). In addition, IL-6 induces the production of hepcidin. Hepcidin is a 
peptide that is secreted by the liver and causes degradation of ferroportin, which is 
the iron exporter of macrophages, hepatocytes and enterocytes. Thereby, hepcidin 
results in sequestration of iron in these cells, further lowering plasma iron levels [8]. 
Another response to inflammation is that increased levels of IL-1 and TNF induce 
upregulation of ferritin as an acute phase reactant. As ferritin is an intracellular pro-
tein that stores iron atoms in an inactive form, a high ferritin level contributes to 
sequestration of iron within cells [9]. Simultaneously, transferrin, which is the main 
transporter of iron, is a negative acute phase reactant and as such is downregulated 
during inflammation. Because of a decreased production of transferrin by the liver in 
response to inflammatory cytokines, transferrin levels are decreased during inflam-
mation [10]. Together, these changes alter iron trafficking and lower iron availability 
(Fig.  45.1). These combined synergistic pathologic processes of altered iron 
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availability and impaired EPO synthesis and function, result in decreased availability 
of iron to erythroid progenitor cells, with subsequent iron-deficient erythropoiesis. In 
addition to this impaired erythropoiesis, inflammation causes erythrophagocytosis, 
resulting in a shortened RBC lifespan [11].

45.4  Consequences of Anemia of Inflammation

During inflammation, there seems to be a strong evolutionary response of the body 
to lower iron availability. As a result, the development of anemia during severe 
inflammation is a rapid process. In patients with sepsis, half of the patients require 
RBC transfusion within the first 24 h of ICU admission [12]. It has been suggested 
that these alterations in iron metabolism have evolved as an endogenous protective 
response to infection. As most invading microorganisms feed on iron, low iron lev-
els may reduce bacterial outgrowth and reproduction [13]. This theory infers that 
low iron levels, and possibly even ensuing anemia, may be protective against infec-
tion and that these conditions should not be ‘corrected’ by interventions, but rather 
ought to be accepted in clinical practice for an optimal response to an ongoing 
infection. Although these theories are appealing, the presence of functional iron 
deficiency and anemia negatively impacts outcome in the critically ill [1]. 
Randomized controlled trials (RCTs) in specific patient populations suggest that a 
restrictive transfusion trigger is associated with adverse outcomes compared to a 
more liberal transfusion trigger, which may be true for patients with active coronary 
disease and elderly patients [14–16]. This would suggest that anemia is detrimental 
and that transfusion to correct anemia may improve outcome. Data from Jehovah’s 
witnesses show that at a certain nadir, anemia results in death. Thereby, correction 
of anemia is currently still common clinical practice.

45.5  Current Therapy of Anemia of Inflammation

45.5.1  Iron

As argued, there is not absolute iron deficiency in anemia of inflammation, but 
rather decreased iron availability. Consequently, supplementation of iron to support 
erythropoiesis in critically ill patients with anemia has not been unequivocally suc-
cessful [17–19]. Several clinical studies have investigated the effect of oral [20, 21] 
or intravenous iron therapy for anemia in the critically ill [17–19, 22]. Oral iron was 
shown to decrease the number of transfusions in surgical critically ill patients with 
baseline iron deficiency anemia [20]. However, these positive findings were not 
confirmed in another similar study [23]. Uptake of iron administered orally may be 
reduced due to hepcidin, which inhibits the enteral uptake of iron during inflamma-
tion. Thereby, intravenous iron may be more effective. However, studies with intra-
venous iron therapy also showed conflicting results. An increase in hemoglobin 
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concentrations was found in the IRONMAN study [19]; however, studies did not 
show a reduction in the need for transfusions [17, 18, 22].

45.5.2  Erythropoietin

In anemia of inflammation, inflammatory cytokines lower the endogenous synthesis 
of EPO.  The bone marrow of these patients is also hyporesponsive to EPO [4]. 
Thereby, higher doses of EPO are required for the production of RBCs, suggesting 
a rationale for exogenous EPO. In line with this, EPO supplementation reduced the 
number of transfusions and increased hemoglobin levels in the critically ill [24]. 
However, there are also increased thromboembolic events in patients treated with 
EPO compared to placebo [25, 26]. Currently, EPO is not recommended for correc-
tion of anemia in the critically ill.

45.5.3  Red Blood Cell Transfusions

In anemia of inflammation, correction of anemia is usually achieved by blood trans-
fusion. Approximately 40% of all critically ill patients receive RBC transfusions 
during the ICU stay, with a mean of five RBC units [4]. In patients with an ICU stay 
of more than 1 week, the proportion of patients who receive a transfusion increases 
even to 85% [3]. However, RBC transfusions are an independent risk factor for 
morbidity, including nosocomial infections [23], acute respiratory distress syn-
drome (ARDS) [27] and a prolonged length of stay in the ICU and in the hospital [3]. 
RBC transfusion is also an independent risk factor for mortality in the critically ill 
[1, 3, 27]. Thereby, as both anemia and transfusion are associated with adverse out-
come, novel therapies are warranted.

45.6  Development of Novel Therapies for Anemia 
of Inflammation

45.6.1  Iron Modulating Therapies

Several new therapies are in development to treat anemia of inflammation by tar-
geting iron metabolism. IL-6 inhibitor [28], IL-6 receptor blocker [29–31], inacti-
vators of hepcidin [32–34] and hepcidin production inhibitors [35, 36] proved to be 
effective in animal models and some of these agents are being tested in clinical 
trials. Tocilizumab, an IL-6 receptor inhibitor, normalized iron parameters and 
increased hemoglobin concentrations in patients with rheumatoid arthritis with 
anemia of inflammation [29–31]. NOX-94, a molecule that binds hepcidin and 
blocks its biological function, has been shown to reverse hypoferremia and to 
inhibit the development of anemia in monkeys with IL-6-induced anemia of inflam-
mation [32]. In a model of human endotoxemia, NOX-94 abrogated a fall in serum 
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iron levels [33]. Furthermore, in vitro and in vivo studies have shown that hepcidin 
production can be inhibited by blocking the activity of bone morphogenetic protein 
(BMP) [35, 36]. BMP signaling has an important role in hepatic hepcidin expres-
sion and blocking this protein attenuated anemia and hypoferremia in mice with 
IL-6-induced anemia of inflammation [33]. By targeting cytokines and hepcidin, 
these experimental therapies may enable redistribution of iron from storage sites 
and allow for dietary iron absorption. Thereby, iron availability for erythropoiesis 
would increase and anemia of inflammation may not evolve or would be corrected. 
However, follow-up studies are warranted to ensure safety, as well as efficacy, of 
such strategies.

45.6.2  Transferrin Supplementation

Transferrin is a glycosylated glycoprotein of 76  kDa molecular weight [37]. 
Transferrin is mainly synthesized in the liver and has a half-life of 8–10 days. This 
plasma protein is the major iron binding and transporting protein in the bloodstream. 
It has the capacity to bind two atoms of iron and thus prevents the participation of 
iron in redox reactions with ensuing formation of toxic reactive oxygen species 
(ROS). Transferrin is present in the circulation in two forms: not bound to iron, 
termed apotransferrin; and bound to iron, termed holotransferrin. Holotransferrin is 
taken up by cells that express the transferrin receptor via receptor mediated endocy-
tosis. There are two transferrin receptors: transferrin receptor 1 (TfR1) and transfer-
rin receptor 2 (TfR2). TfR1 is expressed by all cell types and TfR2 is expressed by 
erythroblasts, hepatocytes and peripheral blood mononuclear cells. Upon binding to 
its receptor, iron is released from holotransferrin. The complex formed by apotrans-
ferrin and the receptor is then transported to the cell membrane, where apotransfer-
rin is released in the circulation for re-use and the receptor can bind another 
holotransferrin [38]. When serum iron levels increases and the iron binding capacity 
of transferrin is exceeded, this can result in the appearance of toxic free iron. This 
non-transferrin bound iron may catalyze the formation of ROS, causing oxidative 
stress and tissue damage [39, 40].

45.6.3  Rationale for Supplementing Transferrin in Anemia 
of Inflammation

Transferrin can be purified relatively simple from human plasma by Cohn fraction-
ation, ion exchange chromatography and ultrafiltration [41]. Currently, supplemen-
tation of transferrin is only used in patients with the rare condition of atransferrinemia 
[42]. However, transferrin supplementation could be beneficial in several other con-
ditions, by acting as a sword that cuts both ways. First, transferrin supplementation 
may correct anemia by modulating the level of iron available for erythropoiesis. 
Second, (apo)-transferrin supplementation may reduce inflammatory reactions by 
inhibiting oxidative stress via binding of free iron.
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45.7  Transferrin Supplementation to Correct Anemia

45.7.1  Patients with Transferrin Deficiency

Atransferrinemia or hypotransferrinemia is a rare, hereditary disorder characterized 
by anemia, very low or undetectable transferrin levels and increased ferritin levels 
[42]. These patients suffer from severe anemia, growth retardation and cognitive 
impairment, causing death at a young age. Since 1972, patients with atransferrin-
emia have been treated with purified apotransferrin. Treatment with apotransferrin 
injections corrects the anemia and improves mental development [43]. Currently, 
there is a clinical trial running since 2010 in which apotransferrin has been given to 
patients in Europe with atransferrinemia to further investigate the efficacy and 
safety of apotransferrin therapy in atransferrinemia patients (ClincialTrials.gov 
Identifier: NCT01797055).

45.7.2  Model of β-Thalassemia

β-thalassemia is characterized by ineffective erythropoiesis, extramedullary erythro-
poiesis and subsequent splenomegaly. The erythroid progenitor precursors do not 
mature and either go into apoptosis, or develop into abnormal RBCs with a shortened 
lifespan. As a result, these patients are anemic, which is treated with repeated RBC 
transfusions, often resulting in iron overload. In animal models of thalassemia, trans-
ferrin supplementation corrected anemia, reduced levels of non- transferrin bound 
iron and prevented iron loading in tissues. Hemoglobin concentrations increased by 
approximately 40%, reticulocyte counts decreased and the mean corpuscular volume 
and mean corpuscular hemoglobin decreased. It was postulated that exogenous trans-
ferrin binds non-transferrin bound iron in the circulation and that a decrease in extra-
medullary erythropoiesis may lead to a marked reduction in spleen size combined 
with improved organized splenic architecture. Transferrin was also associated with 
decreased iron deposition in liver, spleen and kidney. The reduction in tissue iron 
content and the increase in the number of RBCs shows that transferrin results in a 
shift of iron from the organs into the circulation, thereby removing iron from the 
parenchyma, where it is potentially harmful [43]. A clinical trial with transferrin in 
thalassemia patients is under development (personal communication).

45.7.3  Model of Pulmonary Sepsis

More relevant to the field of critical care medicine is the effect of transferrin on 
anemia of inflammation caused by sepsis. In a model of mechanically ventilated 
pigs with pulmonary sepsis induced by intrabronchial inoculum of 107–8 colony 
forming units/mL of Pseudomonas aeruginosa (Fig.  45.2), severe septic shock 
develops 8–12  h after inoculum, characterized by hypotension not responsive to 
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fluid challenges, need for vasoactive drugs and reduced urine output [44–46]. 
Importantly, this animal model of pulmonary sepsis is also characterized by severe 
anemia that progressively worsens during the course of the 72-h study. In a recently 
conducted pilot study from our group (unpublished data), pigs were randomized to 
receive either iron or apotransferrin combined with iron. A control animal received 
no therapy. In the control animal, the drop in hemoglobin concentration from 16 to 
11 g/dL was partly prevented by iron, but completely prevented by administration 
of transferrin with iron (Fig. 45.3).

Fig. 45.2 Pulmonary challenge: animals challenged with P. aeruginosa, instilled into each pul-
monary lobe of the animals (upper panel). Following inoculum, diagnosis of pneumonia is estab-
lished based on a decline in arterial partial pressure of oxygen/inspiratory fraction of oxygen ratio 
(PaO2/FiO2) to ≤100, plus one of the following signs of infection: a temperature of ≥39.5  °C, 
leukocytosis of ≥20,000 × 109 cells/L and purulent secretions. The figure depicts lungs retrieved 
from an infected pig 68 h after bacterial inoculum and highlights multi-lobar pneumonia (lower 
left) and regions highly congested with copious intrabronchial amounts of purulent secretions 
(lower right)
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45.8  Transferrin Supplementation to Decrease Free Iron- 
Mediated Organ Damage

45.8.1  Patients Undergoing High-Dose Chemotherapy

Patients who receive high-dose chemotherapy prior to receiving stem cell trans-
plantation can have increased serum iron levels, as well as very high non-transfer-
rin bound iron levels. The chemotherapy causes a pause in erythrocyte production 
and damages hepatocytes, resulting in the release of iron deposits, which exceeds 
the iron binding capacity of serum transferrin. The iron thus remains in the circula-
tion of these patients as non-transferrin bound iron, which contributes to organ 
failure. In patients with iron overload after high-dose chemotherapy and stem cell 
transplantation, a single injection of 100  mg/kg of apotransferrin resulted in a 
decrease in non-transferrin bound iron levels. Serum iron levels also showed a 
dose- dependent increase. This may indicate that transferrin either causes iron 
release from tissue or that transferrin increases serum iron by binding of non-
transferrin bound iron [43].

As high levels of non-transferrin bound iron are associated with infections 
caused by pathogens that depend on free iron for growth, the use of transferrin 
therapy could decrease the risk of infections in these patients as well. Indeed, 
transferrin reduced the number of days with fever, C-reactive protein (CRP) ele-
vation and need for antibiotics, in patients undergoing chemotherapy. Also, in an 
ex vivo setting, exogenous apotransferrin prevented Staphylococcus epidermidis 
growth in plasma of stem cell transplantation patients compared to controls [43]. 
However, whether transferrin decreases risk of infection in this population is as 
yet unclear.
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45.8.2  Model of Hyperoxic Lung Injury

Oxygen therapy can contribute to alveolar hyperoxia with subsequent ROS produc-
tion in the lungs. ROS can cause lung injury by inhibiting the function of lung sur-
factant. In rabbit models of preterm lung injury induced by hyperoxia and successive 
bronchoalveolar lavages, a single injection of intratracheal or intravenous apotrans-
ferrin increases surfactant activity and decreases alveolar-capillary permeability. In 
addition, fewer peroxidation products and extravascular lung water were found after 
apotransferrin administration. In contrast, administration of holotransferrin resulted 
in a dose-dependent increase in respiratory failure suggesting that iron can counter-
act the protective effect of transferrin [43]. Thereby, transferrin might contribute to 
the recovery and prevention of respiratory failure caused by hyperoxia by the bind-
ing of free iron.

45.8.3  Model of Ischemia/Reperfusion Injury

Renal ischemia/reperfusion injury plays an important role in acute renal failure caused 
by shock or major surgery. The pathophysiology of ischemia/reperfusion injury 
includes oxidative stress formation, which leads to vascular and epithelial injury. In a 
mouse model of ischemia/reperfusion injury, a single dose of apotransferrin lowered 
circulating redox-active iron and superoxide formation and improved renal function. 
In contrast, holotransferrin did not prevent ischemia/reperfusion injury. In a cat model 
of intestinal ischemia/reperfusion injury, apotransferrin decreased the intestinal vas-
cular permeability. Again, holotransferrin had no protective effect [43]. An ongoing 
clinical study is appraising the effectiveness of a combined drug approach including 
apotransferrin to reduce ischemia/reperfusion injury during liver transplantation in 
patients with liver failure (ClincialTrials.gov Identifier: NCT02251041).

45.8.4  Model of Pulmonary Sepsis

As discussed, sepsis patients frequently receive RBC transfusions [12]. Transfusion 
however can contribute to accumulation of iron, exceeding the binding capacity of 
transferrin, leading to free iron, which can induce inflammation and promote bacte-
rial outgrowth [47]. Currently, we are investigating the impact of apotransferrin as 
an adjunct therapy to transfusion in a rat model of pulmonary sepsis on various 
clinically relevant outcomes, including the inflammatory response, organ injury and 
bacterial outgrowth.

45.9  Conclusion

Supplementation of transferrin may be beneficial for treatment of anemia of inflam-
mation in two distinct ways that are both relevant to the critically ill. Transferrin may 
improve iron availability for erythropoiesis, thereby preventing the development of 
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anemia. Also, transferrin scavenges free iron, thereby preventing ROS- mediated 
inflammation and improving organ failure. Although mostly experimental, data hith-
erto suggest that supplementation with apotransferrin has promising therapeutic prop-
erties. Transferrin corrects anemia in patients with hypotransferrinemia and in models 
of β-thalassemia. Also, transferrin decreases non-transferrin bound iron levels in 
patients receiving chemotherapy, and reduces organ injury by reducing oxidative 
stress and iron overload in tissues. Taken together, transferrin is a promising therapy 
in conditions characterized by anemia and oxidative stress related to iron overload. 
Currently, transferrin isolated from human plasma is an approved therapy for atrans-
ferrinemia. A clinical trial is ongoing to determine the efficacy and safety of repeated 
transferrin infusions. More clinical trials are needed to investigate the efficacy and 
safety of transferrin therapy in other disorders characterized by altered iron 
metabolism.
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46Functional Impairments in Pediatric 
Critical Illness Survivors
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46.1  Introduction

With decreasing mortality rates, the world of critical care is becoming increasingly 
focused on not only maximizing survival, but maximizing survival with good func-
tion. Functional status has been suggested as a more meaningful outcome measure 
than mortality, and the push to report functional status as an outcome for pediatric 
intensive care unit (PICU) studies has recently translated to action [1, 2]. The PICU 
community is currently in the process of trying to understand the prevalence and 
pathophysiology of the problem, as well as interventions with the goal of improving 
or restoring a patient’s functional status to baseline.

In adult critical illness literature, a major finding in survivors is that of impaired 
physical function persisting up to years after discharge from the intensive care unit 
(ICU), attributed to significant muscle wasting and dysfunction [3, 4]. This persis-
tent impairment contributes a significant burden to the patient, their families and the 
economy [3]. Extensive study has since been undertaken to further understand the 
pathophysiology in order to prevent or reverse the impairment [4]. A recent system-
atic review mapped the physical impairments observed in adult post-intensive care 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-06067-1_46&domain=pdf
mailto:Zudin.puthucheary.09@ucl.ac.uk


600

syndrome (PICS) to the world health organization (WHO) International 
Classification of Functioning, Disability and Health (ICF) [5]. The authors demon-
strated that the physical impairments are extensive, affecting not just impairments 
in body structure and function, but also restricting activities of daily living and one’s 
participation within the society. Physical and nutritional interventions are being 
actively studied in an effort to reduce this impairment [6, 7].

The existence of the PICS in pediatric survivors has also recently been recog-
nized [8]. The proposed framework of the PICS in pediatrics (PICS-p) includes four 
constructs of physical, cognitive, emotional and social function. These functional 
areas are by no means isolated; impairment in one aspect of function can and often 
does affect the others. Central to the PICS-p is the PICU patient, but it is recognized 
that family members such as siblings and caregivers may be similarly affected by 
these impairments.

However, unlike in adult critical illness, understanding of the prevalence and 
pathophysiology of physical impairments within the PICS-p is currently limited. 
Children similarly experience a catabolic state during critical illness, suggesting the 
possibility of significant physical function impairments in PICU survivors [9]. In 
this chapter, we review the existing evidence regarding acquired impairments in 
physical function following pediatric critical illness, and discuss future steps to 
improve our knowledge and understanding of this problem.

46.2  Current Knowledge

46.2.1  Measurement Tools and Rates of Physical Function 
Impairment

Rates of acquired functional impairments as a result of pediatric critical illness vary 
with population type, measurement tool and time point (Table  46.1). Two main 
types of measurement tools have typically been used in the reporting of functional 
impairments in pediatric critical illness. The first are global measures of overall 
function or health state, often on a spectrum from good to poor function. The second 
are more detailed, multi-dimensional assessments of function, which commonly 
explore various domains within the different components of cognitive, physical, 
emotional and social functioning, with significant degree of overlap in the con-
structs across tools (Fig. 46.1). However, the degree of detail within each multi- 
dimensional domain can vary. Both types of measures can be either assessed by a 
healthcare professional or patient-reported.

The first widely used global assessment tool was the pediatric overall perfor-
mance category (POPC) and the pediatric cerebral performance category (PCPC), 
developed by Fiser [10]. The POPC and PCPC are typically used together to assess 
general neurological function as well as overall function with consideration of non- 
neurological functional deficits, and each is scored by the clinician using a semi- 
objective assessment tool on a scale of 1–6. Similar to the POPC, the modified 
Glasgow Outcome Scale (mGOS) allows the clinician to rate the overall functional 
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status using a 5-point scale from normal to severe disability [11], whereas the Royal 
Alexandra Hospital for Children Measure of Function (RAHC MOF) allows a 
patient-reported global health score from 0–100 [12]. Using these global measure-
ment tools, rates of acquired impairment in overall function in general PICU popu-
lations ranged from 10–36% at PICU discharge, to approximately 26% at 6 months, 
and 8–19% at follow-ups between 2 and 4 years post-discharge [10–18]. In select 
patient populations (sepsis, in PICU cardiac arrest, those with prolonged stays and 
previously healthy children), rates of global impairment are higher, up to 91% at 
PICU discharge and 33% at 4 years post-discharge [19, 20]. Interestingly, compari-
son of the POPC scores with the PCPC scores revealed that more children had 
abnormal POPC compared to PCPC scores at 3 months post-discharge, suggesting 
that the differences were attributable to physical impairments, and were more preva-
lent and persistent than cognitive impairments in previously healthy children [19]. 
However, while easy to administer and indicative of the presence of functional 
impairment, these global assessment tools were unable to provide further informa-
tion regarding types of physical or other function.

To introduce greater objectivity and granularity, the functional status scale (FSS) 
was developed and published by Pollack et  al. and the Collaborative Pediatric 
Critical Care Research Network (CPCCRN) in 2009 as an outcome measurement 
tool specific to the PICU [21]. The FSS consists of a 5-point scale across six domains 
of function: mental, sensory, communication, motor, feeding and respiratory, and 
has been validated against more comprehensive measures of function, such as the 
Vineland Adaptive Behavior Scale (VABS-2) [21]. An increase in total score of ≥3 

CHQ

PedsQL

FSS

RESPIRATORY

Red = Physical
Blue = Cognitive
Yellow = Emotional/social 

SENSORYEMOTIONAL

COMMUNICATION

MOTOR

HUI 2

PAIN
HUI 3

SCHOOL/SOCIAL

COGNITIVEPHYSICAL ACTIVITY/ 
AMBULATION

ROLE/SELF 
CARE

PEDI-CAT

Fig. 46.1 Overlapping constructs in multi-dimensional functional status tools used in critically 
ill children. CHQ child health questionnaire 28-item short form, FSS functional status scale, HUI 
2 health utilities index mark 2, HUI 3 health utilities index mark 3, PedsQL Pediatric Quality of 
Life inventory 4.0, PEDI-CAT pediatric evaluation of disability inventory-computer adaptive test
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points is recognized as a clinically significant new functional morbidity [21]. Using 
this definition, rates of overall functional impairment in survivors at hospital dis-
charge range from 5% in a general PICU population, to 37% in traumatic brain 
injury (TBI), and 50% in children requiring extracorporeal cardiopulmonary resus-
citation (eCPR) [22–25]. The FSS demonstrated that the most severely affected 
domains included the motor and respiratory function in general PICU patients, and 
the motor and feeding domains in TBI patients [19, 26].

By retaining the relative ease of scoring with added granularity, the FSS score 
has enabled quantification of functional impairment in large PICU cohort studies as 
well as smaller exploratory studies in specific PICU cohorts. However, given the 
complexity of the PICS-p, the FSS still lacks a degree of sensitivity in sufficiently 
characterizing functional impairments. Specifically, the FSS is unable to capture 
detailed aspects of functional capacity beyond that of its six domains. In addition, 
during the development of FSS, a significant percentage of patients (18%) had the 
best possible score of 6 at PICU discharge [21], which suggests a possible ceiling 
effect and limitations of the FSS in determining changes beyond the PICU.

Health-related quality of life (HRQoL) is increasingly used to drive patient- 
centered care. Many multi-dimensional HRQoL tools incorporate questions that 
address body function, activity and participation according to the WHO ICF for 
Children and Youth (WHO ICF-CY), and can provide some information regarding 
physical function and impairment [27]. A review of all HRQoL tools that have been 
used in PICU patients concluded that the pediatric quality of life inventory (PedsQL) 
4.0, the KIDSCREEN-27, the 28-item child health questionnaire (CHQ-28) and the 
KINDL perform best in terms of validity, administration burden and sensitivity 
[28]. Of these, the PedsQL 4.0 and the CHQ-28 appear to cover more areas of physi-
cal function (mobility, neuromusculoskeletal and movement function) within the 
WHO ICF-CY framework [27], and the construct validity and responsiveness of the 
PedsQL 4.0 has been specifically demonstrated in PICU patients [29]. Two studies 
measured functional impairment using the health utilities index (HUI) mark 2 and 
three HRQoL questionnaires, and reported acquired impairment rates of 41% and 
27% at 6 and 12 months, respectively, post-discharge [30, 31].

The recently published “WeeCover” PICU survivorship study used the pediatric 
disability inventory-computer adaptive test (PEDI-CAT) to detect changes in func-
tional abilities at baseline, PICU discharge, 3 and 6 months [32]. The PEDI-CAT 
consists of questions regarding four functional domains—daily activity, mobility, 
social/cognitive and responsibility—and was designed to be aligned with the WHO 
ICF-CY framework [33, 34]. The advantage of the PEDI-CAT is the ability to mea-
sure age-appropriate functional performance, providing a more meaningful repre-
sentation of the child’s function in the context of social and community participation. 
In addition, the computer-adaptive nature of the test also allows for an abbreviated 
assessment that maximizes the tool’s precision while minimizing time required. The 
“WeeCover” study was the first to demonstrate the trajectory of functional impair-
ment in various domains from baseline until 6  months post-PICU discharge. Of 
note, the greatest impairments at PICU discharge and the slowest recovery at 
6 months post-discharge were observed in the mobility domain [32].

46 Functional Impairments in Pediatric Critical Illness Survivors
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Considering all of the above studies, rates of PICU-acquired functional impair-
ments appear to be greatest at PICU discharge, with greatest recovery observed in 
the first 3 months, slowing down thereafter up to 6 months post-PICU discharge 
[32]. Despite the use of different measurement tools, significant physical functional 
impairments have been reported. However, rates differ, with higher rates reported 
using multi-dimensional measures. There is also a lack of longitudinal studies with 
sufficient follow-up duration, making it difficult to determine the trajectory of func-
tion beyond. Whether physical function persists beyond the 3–6 months post PICU 
discharge is unclear from the current evidence.

46.2.2  Risk Factors

Knowledge of risk factors for functional impairment can provide more targeted 
research to elucidate pathophysiology. From the various studies, several risk factors 
have been associated with acquired functional impairment, of which three are 
repeated in several studies (Box 46.1).

Several illness severity scores, such as the pediatric risk of mortality (PRISM) 
and the pediatric index of mortality (PIM), have been developed to predict mortality 
risk within the PICU. Higher illness severity calculated by these scores was associ-
ated with acquired overall functional impairment in several studies [12–16, 32, 35]. 
However, the association between illness severity and morbidity risk does not 
appear to follow a linear relationship [22]. Using data from over 10,000 patients, 
Pollack et al. demonstrated that the risk of mortality and morbidity could be simul-
taneously predicted using PRISM III scores [22]. With increasing PRISM scores, 
the risk of morbidity and mortality initially increased proportionally; however 
above a certain PRISM score, the risk of morbidity decreased while mortality risk 
continued to increase. The authors suggest that morbidity and mortality are closely 
interlinked and are in fact different end-points within the same trajectory, dependent 
on the level of physiological dysfunction. The increased risk of functional impair-
ment has also been demonstrated in those with high PIM 2 scores [12, 15]. 
Unfortunately, these studies used global function measures, precluding further 

Box 46.1: Risk Factors for Acquired Overall Functional Impairment  
from Published Studies

Pre-PICU Intra-PICU
•  Better baseline function [32]
• Younger age <1 year [36]
•  Neurological injury on 

admission [32, 36]

 • Illness severity scores: PIM2, PRISM [12–16, 35]
 • Need for mechanical ventilation [23]
 • PICU length of stay [15, 35]

PICU pediatric intensive care unit, PIM pediatric index of mortality, PRISM pediatric risk 

of mortality
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analysis on risk factors specific to physical impairment. However, in the “WeeCover” 
study, multivariable regression analyses were conducted for change in each func-
tional domain. Higher PRISM III scores were significantly associated with impair-
ment in social/cognitive function, but not daily activities, mobility or responsibility 
domains [32]. More studies are needed to determine whether increasing disease 
severity is associated with decline in physical function.

Certain admission diagnoses appear to be associated with risk of new functional 
impairment. Specifically, in a large cohort study using the FSS, Pollack et al. found 
that neurological diagnoses as the primary system of dysfunction were associated 
with the highest rates of new global functional impairment [36]. Choong et al. simi-
larly found that neurological injury (e.g., status epilepticus, TBI, hemorrhage) at 
PICU admission was significantly associated with greater impairment in all aspects 
of function at PICU discharge, including mobility and daily activities [32]. 
Neurological injury was also significantly associated with slower recovery of daily 
activities and mobility at 6-month follow-up, suggesting that children admitted with 
primary neurological injuries should be closely monitored for physical function 
impairments.

Two studies have reported greater rates of acquired global functional impairment 
in patients with longer PICU length of stay [15, 35]. Longer PICU stay is typically 
a result of increased disease severity, but is also associated with longer periods of 
sedation, immobility and malnutrition—possible factors that could contribute to 
muscle wasting and physical impairments. However, a recent randomized controlled 
trial (RCT) of protocolized-sedation in critically ill children found that reduced 
sedation did not seem to impact acquired global functional impairment at 6 months 
post-discharge [1].

46.3  Future Directions

46.3.1  Gaps and Considerations

It is evident that the problem of physical function impairment in survivors of pedi-
atric critical illness is still not sufficiently understood, likely stemming in part from 
the poor recognition and reporting of functional status as a main PICU outcome 
until recently. Two main obstacles currently lie in the way of our better understand-
ing of physical impairment. The first is the limited availability of tools to measure 
physical impairments in the pediatric population, while taking into consideration 
age-appropriate developmental milestones. Second, and in part related to the first, is 
the lack of standardization of assessment time points across studies. Appropriate 
measurement tools at critical time points are necessary to enable the early identifi-
cation of physical impairments, guide therapy and monitor recovery in these 
patients.

In adult survivors of critical illness, reported impairments in body function and 
structure include those of reduced limb muscle and handgrip strength, as well as 
respiratory function [5], while limitations in activity and participation involve 
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reduced physical endurance as measured by the 6-minute walk test (6MWT) and 
dependence in activities of daily living. It is recommended that assessment of physi-
cal function in adult ICU patients begins with determination of baseline abilities, 
followed by a combination of strength, range of motion, mobility and endurance 
within the ICU [37]. Following ICU discharge, patient reported outcomes via the 
short-form 36 (SF-36) HRQoL questionnaire is considered a core outcome of adult 
ICU studies [38].

From the available evidence in PICU survivors, physical limitations in motor 
function, respiration and mobility are present at hospital discharge [19, 32]. However, 
measurement tools to determine limb and respiratory muscle strength and physical 
activity in PICU survivors are not widely used, mainly limited to the burn injury 
population [39, 40]. Granted, some of these measures are only valid and applicable 
to older children (>6 years); in the young, a more meaningful assessment may con-
cern that of age-appropriate developmental milestones. Understanding which short- 
and long-term outcomes matter most to families and caregivers is also necessary to 
provide patient-centered care [2]. Indeed, the PICU community is conscious of these 
considerations, and tools designed for use in the adult ICU are currently being revised 
and tested within the PICU population [2, 41]. Determination of their clinimetric 
properties, including reliability, validity, responsiveness, floor and ceiling effects, 
will hopefully guide research and clinical practice in the future.

Along with these assessment tools, time points for measurement of functional 
status need to be standardized. Baseline assessment is critical to determine the pres-
ence of acquired impairment, but this could be challenging depending on the type of 
tool being used. Baseline assessment would most often require a proxy report, and 
can be subject to recall bias [42]. Within the PICU, early identification of physical 
function impairments may allow more conscious efforts to reduce offending inter-
ventions and provide rehabilitative care. Unfortunately, in young children the lack 
of cooperation or inability to understand instructions suggests the need for non- 
volitional assessment methods. Assessment at PICU or hospital discharge is also 
important for determining the need for follow-up care and monitoring in the sub- 
acute or community setting. Finally, follow-ups within the first year would help 
inform the trajectory of recovery or subsequent impairment.

While desirable, it is unlikely that a single tool would be sufficient to adequately 
capture physical function impairments throughout the entire spectrum of illness and 
recovery. A combination of tools—global vs. multi-dimensional, clinician-assessed 
vs. patient-reported—may be the most practical solution at present.

46.4  Conclusion

Functional status is now recognized as an important outcome measure in pediatric 
critical care survivorship. Acquired impairments in physical function appear signifi-
cant to these children and seems to persist beyond hospital discharge, although the 
complete trajectory is unclear. Patients with high illness severity scores and neurologi-
cal injuries at baseline appear to be at greater risk of physical function impairments.

C. S. Ong and Z. A. Puthucheary
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Understanding of the acquired physical impairments following pediatric critical 
illness remains poor, in part due to the limitations of currently available tools that 
have been validated in this population and insufficiencies in longitudinal monitor-
ing. There is a need for more study into domain-specific functional assessments 
with proper testing of validity, reliability, responsiveness, and floor and ceiling 
effects. Follow-up time points in PICU survivors should also be standardized, mini-
mally within the first year of PICU discharge. This would provide a better under-
standing of the problem of acquired functional impairment in pediatric critical 
illness survivors such as to guide measurement of future interventions.
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47Care of the Critically Ill Older Adult
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47.1  Introduction: An Aging Population

As the population ages, so too does the intensive care unit (ICU) population. 
Already, it is estimated that greater than 50% of ICU admissions are patients aged 
65 years and older, and this percentage is only expected to grow over time [1]. The 
growth of the ‘oldest old’, those above 80 years of age, is also expected to increase 
dramatically over the next three decades; in a study of European ICU admissions, 
some countries have seen the admission rate of patients in this demographic increase 
from 11% to 15% in a decade [2]. Older adults represent a unique population, with 
higher rates of preexisting comorbidities and vulnerabilities, and greater risk for 
developing ICU complications such as delirium. In this chapter, we discuss topics 
pertaining to care of the critically ill older patient, with a focus on new advance-
ments in the last decade since Wunsch et al.’s excellent review published in 2009 
[3], and a look to future studies that will help inform our day-to-day care of this 
sizeable, growing, and vulnerable population.

47.2  Getting to the ICU

Envision Mrs. L, an 80-year-old woman with diabetes and hypertension who lives alone. 
She is independent in all activities of daily living (ADLs). She drives to the store to shop for 
groceries every week, though her son comes by once a week to help her clean the house. 
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She walks around the neighborhood daily for exercise and has not had any falls. One day, 
she develops a cough and fever and is found confused and lethargic by her son. He calls 911 
and she is taken to a local emergency room, where she remains hypotensive despite fluid 
resuscitation. The ICU team is notified.

47.2.1  Triage, Ageism and Mortality Benefit

ICU triage is difficult, and especially so in a vulnerable older population. Interviews 
with physicians have revealed that providers hold both positive and negative stereo-
types of elderly patients, and ageism has been linked to poorer quality care in mul-
tiple reports [4]. Currently there is no standardized approach to ICU triage of older 
adults, and great variability in physician decisions regarding ICU admission for 
life-sustaining treatments among the oldest old [5].

The French ICE-CUB study of 2646 patients >80 years demonstrated that older 
patients may be less likely to be admitted to the ICU [6]. Despite 1426 of these patients 
meeting “definite admission criteria” according to the most recent Society of Critical 
Care Medicine guidelines, only 441 (31%) were referred for ICU admission and, of 
these, only 231 were actually admitted (16%). Among the 1041 patients with 
“equivocal” admission criteria, only 181 (17%) were referred for ICU evaluation and 
only 79 (7.6%) were admitted to the ICU.  Older age and lower ADL score were 
among several factors associated with increased odds of not receiving an ICU referral. 
Although this study did not include information on bed availability or treatment pref-
erences, it is an informative illustration of the ICU referral process for the oldest old.

The Eldicus trial (Part II) evaluated the benefit of ICU admission for older adults, 
reviewing 8472 triages in 11 European ICUs [7]. Rejection of admission to the ICU 
was higher with older patients (36% rejection rate for patients >84 years vs. an 11% 
rejection rate for patients aged 18–44). The mortality difference between those 
accepted versus refused widened with age: among patients aged 18–44, the mortal-
ity difference between accepted vs. rejected patients was just over 2% (10.2% vs. 
12.5%), whereas the mortality difference for those over 84 years of age was 41.5% 
vs. 58.5%. Although these mortality differences are compelling, this study did not 
include information about treatment preferences and may have also been limited by 
the use of the Simplified Acute Physiology Score II (SAPS II) without age points.

Given that the aforementioned studies were limited by their observational meth-
ods, the ICE-CUB 2 study, a cluster-randomized trial of ICU admission for patients 
aged >75 years, was conducted at 24 French hospitals [8]. The investigators enrolled 
3037 patients with preserved functional and nutritional status and without cancer, 
and randomized centers to use either standard practice or a program of “systematic 
ICU admission”. Patients in the intervention arm were more likely to be admitted to 
the ICU (61% versus 34% in the control arm) but there was no difference at 6-month 
follow-up in death, functional status, or physical quality of life. Of note, more than 
one third of older patients recommended for admission in the intervention arm were 
not admitted to the ICU because the final decision rested with the clinical team. 
Although patients in the intervention arm had a higher risk of in-hospital death 
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(relative risk [RR] 1.18, 95% confidence interval [CI] 1.03–1.33), it is important to 
note that data on withdrawal of life-sustaining therapies were not collected, so this 
finding may be due to earlier or more frequent discussions regarding treatment pref-
erences that led to withdrawal of life-sustaining therapies.

Other studies have clearly demonstrated improved outcomes after ICU admis-
sion among older adults. Recently, a large study evaluating over one million 
Medicare patients with pneumonia found that ICU admission for “discretionary” 
patients (for whom the decision varied depending on distance from the hospital, 
rather than an absolute need for critical care) was associated with an absolute reduc-
tion in 30-day mortality of 5.7% compared with patients admitted to the general 
wards [9]. ICU admission was not associated with significant differences in 
Medicare spending or hospital costs. Although additional studies are warranted, 
these results suggest that older adults with pneumonia may benefit from increased 
access to the ICU.

47.2.2  The Importance of Preexisting Vulnerability Factors  
Over Chronological Age

Older adults are more likely to develop comorbidities, geriatric syndromes, and 
other risk factors that confer increased vulnerability to adverse outcomes after an 
acute insult such as an ICU admission. Although age is often a focus in decisions 
about ICU triage, a large body of work has revealed that other preexisting factors 
may be more informative predictors of post-ICU outcomes.

Pre-ICU functional status is an important determinant of post-ICU outcomes 
among older adults. In a recent prospective cohort study of older adults admitted to the 
ICU, the pre-ICU functional trajectory (a monthly measure of function in 13 basic, 
instrumental, and mobility activities measured over the year prior to ICU admission) 
was strongly associated with post-ICU functional outcomes and mortality [10]. Those 
with a pre-ICU trajectory of severe disability had more than three times the risk of 
dying by 1 year compared to those with minimal to mild disability (68% versus 19%). 
Another recent study of the oldest old determined that a poor premorbid functional 
status predicted an increased risk of in-hospital death (odds ratio [OR] 1.50, 95% CI 
1.07–2.10) and 1-year mortality (OR 2.18, 95% CI 1.67–2.85) [11].

Frailty, a multidimensional syndrome of decreased reserve that confers greater 
vulnerability to adverse outcomes, is increasingly prevalent with advancing age [12]. 
The most widely used frailty assessment tool is the Fried phenotype, a score (0–5) 
based on weight loss, exhaustion, muscle weakness, slow gait speed, and low physi-
cal activity; a person is frail when they meet 3–5 of these criteria and pre-frail when 
they meet 1–2 of these criteria. One recent prospective cohort study evaluated the 
association of frailty (measured prior to the critical illness, when the participant was 
at their baseline) with post-ICU disability, new nursing home admission and mortal-
ity [13]. Frailty was associated with 41% greater disability over 6 months (adjusted 
risk ratio 1.41, 95% CI 1.12–1.78) and increased new nursing home admission; each 
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one-point increase in frailty was associated with double the likelihood of death 
through 6 months of follow-up. Because the Fried phenotype cannot be administered 
to non-participatory critically ill patients, other frailty assessment tools that can be 
administered to proxies have been used in the ICU. One example of this is the Clinical 
Frailty Scale (CFS), a measure that uses clinical descriptions and pictographs to help 
clinicians stratify older adult vulnerability [14]. One multicenter cohort study 
assessed 421 patients aged 50 and older with the CFS and found that frail ICU survi-
vors had greater difficulty with mobility (71% versus 45%), self-care (49% versus 
15%) and usual activities (80% versus 52%) compared with not-frail patients; frail 
ICU survivors also described lower health- related quality of life (HRQoL) on both 
the physical and mental component scores [15]. A recent meta-analysis of 10 obser-
vational studies with a total of 3030 ICU patients demonstrated that frailty (using any 
of these measures) was associated with higher in-hospital mortality (RR 1.71, 95% 
CI 1.43–2.05) and long-term mortality (RR 1.53, 95% CI 1.40, 1.68) [16].

Other vulnerability factors, such as pre-ICU cognitive function, have been shown 
to be associated with post-ICU outcomes among older adults. In one prospective 
cohort study, minimal cognitive impairment (defined as a mini-mental status exam 
score [MMSE] of 24–27) was associated with increased post-ICU disability (rela-
tive to intact cognitive status); moderate cognitive impairment (MMSE <24) was 
associated with a slightly larger increase in disability over the 6-month follow up 
period [17]. Moderate impairment was also associated with double the likelihood of 
nursing home admission. While survival differed across the three cognitive groups, 
there was no association with mortality upon multivariable analysis. Importantly, 
the proportion of participants with moderate cognitive impairment was smaller than 
expected given the age of the population, suggesting that participants with more 
severe cognitive impairment may not have been admitted to the ICU, which may 
have attenuated the magnitude of the post-ICU outcomes.

It is clear that a more complex evaluation of the older patient (including an 
assessment of pre-ICU functional status, frailty and cognitive function) is necessary 
for more accurate risk stratification in the ICU. Some data on potentially stratifying 
factors exist as discussed earlier, but further studies should focus on the develop-
ment and validation of a prognostic severity scoring system incorporating func-
tional status to help risk-stratify critically ill older adults.

47.3  Optimizing Care of Older Patients While in the ICU

Mrs. L is hypotensive despite fluid resuscitation in the ED and her chest X-ray has an infil-
trate; her respiratory status becomes progressively worse. Given her son’s description of her 
excellent pre-morbid functional status, she is admitted to the ICU for septic shock and 
respiratory failure. In the rush to get to the hospital, her son forgot to bring her medication 
list (which she managed independently), her hearing aids, and her glasses.

Caring for the critically ill older adult can pose unique challenges. Older adults 
are at especially high risk of critical illness neuropathy and myopathy [18]. They are 
more prone to delirium and are more likely to present to the ICU with sensory 

C. A. Gao and L. E. Ferrante



615

impairment than younger patients. They may also have different pharmacokinetics 
and slower metabolism of commonly used ICU sedatives. Historically, ICU clinical 
practice has rarely considered geriatric concepts that may improve patient outcomes 
[19]. The critical care clinician should consider the following areas to optimize care 
of older patients.

47.3.1  The Dangers of Delirium

Delirium is defined as an acute and fluctuating change in cognition, with a reduced 
ability to focus. It is common in the ICU, particularly in older patients: one study of 
614 patients in the medical ICU detected delirium in 71.8% of patients aged 65 years 
and older [20]. Days of delirium are associated with increased 1-year mortality, as 
demonstrated in a pivotal study following 304 patients aged 60 years and older; 
even after adjustment for age, comorbidities, and severity of illness, the number of 
days of ICU delirium was significantly associated with time to death within 1 year 
after ICU admission (hazard ratio [HR] 1.10; 95% CI 1.02–1.18) [21].

Delirium is also strongly associated with long-term cognitive impairment among 
ICU survivors. The BRAIN-ICU study followed 821 patients (median age 61) after 
their ICU stays for 12 months [22]. Delirium occurred in 74% of the patients. A 
longer duration of delirium was an independent risk factor for worse global cogni-
tion scores and worse executive function. At 3-month follow-up, 40% of the patients 
had global cognition scores that were comparable to those seen with moderate trau-
matic brain injury (TBI) and 26% had scores comparable to patients with mild 
Alzheimer’s. Many of these deficits persisted to follow-up at 12 months.

Hypoactive delirium especially is more common in older patients and can be dif-
ficult to pick up on routine examination. The Confusion Assessment Method for the 
Intensive Care Unit (CAM-ICU) is a quick and validated tool to evaluate for delir-
ium [23] and should be part of routine care in the ICU to detect delirium.

47.3.2  Prevention of Delirium

It is well established that benzodiazepines and opioids are harmful. A prospective 
cohort study of 304 patients aged 60 and older demonstrated that use of benzodiaz-
epine or opioid was associated with increased delirium duration [24]. Receipt of 
lorazepam in particular has been shown to be independently associated with 
increased next-day delirium in a dose-dependent manner [25].

The data on prophylactic haloperidol were mixed, so the randomized, 
placebo- controlled REDUCE trial of prophylactic haloperidol was conducted 
[26]. The investigators randomized 1789 critically ill patients and found no dif-
ference in delirium incidence, duration of mechanical ventilation, ICU or hospi-
tal length of stay, or 28-day survival. Thus, the Society of Critical Care Medicine 
recommends against the administration of prophylactic haloperidol in critically 
ill patients [27].
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Dexmedetomidine may be a promising agent for delirium prevention. In a 
double- blind, placebo-controlled trial, 100 delirium-free patients were randomized 
to receive either nocturnal dexmedetomidine or placebo until ICU discharge [28]. 
Patients who received nocturnal dexmedetomidine were more likely to be delirium- 
free than patients who received placebo (RR 0.44, 95% CI 0.23–0.82). The two 
arms had similar sleep quality and rates of bradycardia and hypotension. The group 
receiving dexmedetomidine also required less fentanyl, potentially because of some 
analgesic benefit from dexmedetomidine. However, prophylactic dexmedetomidine 
has not yet been studied in the older adult population, and more studies are needed 
before it can be considered for routine use in this demographic.

In the geriatrics literature, a multicomponent intervention to reduce the incidence 
of delirium among older adults on the general wards has been studied extensively. In 
a landmark study of 852 hospitalized patients aged 70 and older, a multicomponent 
intervention decreased the incidence of delirium and decreased the total number of 
days and episodes with delirium [29]. This intervention targeted six risk factors for 
delirium (cognitive impairment, sleep deprivation, immobility, visual impairment, 
hearing impairment and dehydration) with multidisciplinary teams and standardized 
intervention protocols. The protocols included an emphasis on orientation, cognitive-
stimulating activities, non-pharmacologic sleep protocols, unit-wide noise reduction 
strategies, visual and hearing aids, and early mobilization. Many of these principles 
can be integrated into current ICU care by building on existing bundles, such as the 
Awakening and Breathing Coordination, Choice of drugs, Delirium monitoring and 
management, Early mobility and Family engagement (ABCDEF) bundle, which has 
been shown to reduce delirium and improve survival [30].

It is important to note that the aforementioned geriatric intervention targeted 
sensory impairment, which is common among older adults but rarely considered in 
the course of ICU clinical practice. However, a recent ICU study in older adults 
demonstrated that sensory impairment in both hearing and vision was strongly asso-
ciated with a lack of functional recovery after a critical illness (HR for hearing 
impairment 0.38, 95% CI 0.22–0.66; HR for vision impairment 0.59, 95% CI 0.37–
0.95) [31]. This finding is consistent with studies in (non-ICU) hospitalized older 
patients, where hearing and visual aids have been shown to reduce delirium, reduce 
the rate of functional decline, increase mobilization, and reduce the use of physical 
restraints [32]. Use of visual aids in the ICU is low: in one quality improvement 
study of ICU patients with known vision impairment, only 20% of patients had 
visual aids available for use; however, this improved to 97% after two cycles of 
intervention [33]. It can be difficult to assess sensory impairment among critically 
ill patients, emphasizing the importance of family involvement. Fortunately, it is 
easy to provide magnifiers and portable amplifying devices in the ICU to any patient 
who may potentially have vision or hearing impairment. While more ICU-focused 
studies on sensory impairment are needed, the data from hospitalized older adults 
are compelling, and implementing these interventions now is low-risk and poten-
tially high-impact.

Optimizing sleep quality for older adults in the ICU is an understudied area that 
has the potential to improve outcomes by reducing the incidence of delirium. With 
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age, total sleep time decreases considerably, and sleep architecture changes to have 
less time spent in slow wave stage 3 sleep and more frequent wakefulness after sleep 
onset [34]. Older adults are thus especially vulnerable to sleep disturbances, which 
happen commonly in the ICU. A complicating factor is a lack of standardized sleep 
assessment; polysomnography remains the gold standard, but is difficult to obtain in 
the ICU [35]. There is some evidence, though of low quality, that earplugs or eye 
masks may have benefits on improving sleep and reducing delirium [36], but more 
studies need to be done.

47.3.3  Early Mobilization

Older adults are especially vulnerable to decline in mobilization ability, espe-
cially after critical illness [37]. Preventing this deterioration with early mobiliza-
tion interventions may help prevent post-discharge decline. A landmark 2009 
study randomized intubated patients to early mobilization and found they had a 
higher return to independent functional status at discharge (59% versus 35%) and 
shorter duration of delirium and ventilation; only one adverse event of a desatu-
ration occurred in the 498 therapy sessions [38]. Since that time, many early 
mobilization studies have been conducted; one study of 12,490 older patients 
(mean age 80 years old) in hospitals implementing an early mobilization pro-
gram showed that hospital length of stay was shorter by 3.45 days in the mobili-
zation group [39]. Early mobilization improves functional outcomes and is 
especially important in older patients; it should be routinely integrated into the 
ICU care of older adults.

47.3.4  Family Involvement

There is often suboptimal communication between older patients, their families and 
healthcare providers with regards to care preferences, especially surrounding end- 
of- life matters [40]. When asked to prioritize health outcomes, the majority of older 
adults value maintaining independence and quality of life over the prolongation of 
life [41]. This is frequently not discussed, and when it is, frequently not documented 
well in the medical record. One recent study found that as few as 13% of older 
adults had been asked about treatment preferences and willingness to be admitted to 
the ICU prior to ICU admission [2]. Additionally, family meetings often do not hap-
pen even during prolonged ICU stays due to a variety of provider-identified barriers, 
including time, the presence of multiple specialists, inadequate communication 
skills training, and lack of dedicated space [42]. A recent large randomized con-
trolled trial (RCT) showed that a multicomponent family-support intervention not 
only improved surrogates’ ratings of communication quality, but also led to shorter 
ICU lengths of stay [43]. Early and frequent family communication is especially 
important for older adults and should be routine; the optimal intervention for ensur-
ing this occurs remains to be determined.
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47.4  Transitions of Care

Mrs. L requires mechanical ventilator support for three days. On the first day she experiences 
hyperactive delirium and ventilator dyssynchrony, requiring additional sedation. She is extu-
bated on the third day but remains delirious by CAM-ICU screening. Fortunately, the medical 
team speaks frequently with her son, and he brings in her hearing aids and glasses, which 
improves communication and orientation efforts. Her window is open during the day and inter-
ruptions are minimized at night, and with improvement in her delirium, she is able to initiate 
early mobilization. She is ready for transfer to the medical floor on the fifth day of admission.

47.4.1  The Challenge of ICU to Floor Transitions

Transition points are fraught with potential for error. There are lapses in communi-
cation, a change in the physical location and daily routine and sometimes subopti-
mal preparation in terms of discontinuing unnecessary medication, pulling catheters 
and lines, and in mentally preparing caregivers for the move. A recent qualitative 
study interviewing patients, families and providers revealed three themes in transi-
tion difficulties: resource availability, communication and institutional culture; sug-
gestions for improvement included standardized discharge communication tools 
and multimodal communication [44].

47.4.2  Early Planning

Early planning for transfer out of the ICU has been shown to be beneficial for older 
adults. In a 2004 trial, older ICU patients were randomized to an ICU-based nursing 
intervention of early discharge planning for the transition out of the ICU vs. usual 
discharge planning. Patients in the ICU early planning intervention felt more ready 
to be discharged, knew their medications, and knew what warning signs to look for 
in terms of complications [45]. Similarly, earlier planning for hospital discharge has 
been shown to be beneficial. A meta-analysis of 1736 hospitalized older adults 
observed that early discharge planning led to fewer readmissions within 12 months 
and a lower readmission length of stay if readmitted [46].

47.4.3  Careful Medication Reconciliation and Review

Many medications initiated in the ICU are continued on the floor and at discharge, 
often inappropriately. Examples include atypical antipsychotics, anticholinergics, 
hypnotics and opioids. One study of patients age 60 years and older evaluated the 
inappropriate continuation of dangerous medication as classified by the Beers 
Criteria; the researchers found over 250 instances of inappropriate medication, most 
commonly anticholinergics, non-benzodiazepine hypnotics and opioids [47]. Care 
should be taken to review medications initiated in the ICU prior to transfer to the 
floor, with a focus on new medication started in the ICU and the Beers Criteria.
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47.4.4  Acute Care for Elders Units

In an ideal world, all older adults transferred out of the ICU would be transferred to 
an Acute Care for Elders unit. Acute Care for Elders units are dedicated geriatrics 
units based on a patient/family-centered, rehabilitation and function model of care; 
there is emphasis on frequent medication review, early discharge planning, and 
thoughtful environmental design. This multidisciplinary team model has been 
shown to be beneficial in a myriad of ways. A 2012 meta-analysis of 6839 patients 
showed that Acute Care for Elders units were associated with fewer falls, less delir-
ium, less functional decline, shorter length of stay, fewer discharges to a nursing 
home and lower costs [48]. Additionally, a retrospective cohort study of 818 patients 
found that compared with usual care units, there were lower costs per patient on the 
Acute Care for Elders unit and fewer readmissions within 30  days of discharge 
(7.9% versus 12.8%) [49].

Because Acute Care for Elders unit beds are a limited resource, studies have also 
evaluated whether mobile Acute Care for Elders (MACE) teams can improve out-
comes for hospitalized older adults [50]. MACE teams include geriatricians, social 
workers and clinical nurse specialists who rotate throughout the hospital. In this 
model, the geriatrician may be the attending of record, and there are daily interdis-
ciplinary team meetings and frequent educational meetings with patients and care-
givers. The clinical nurse specialist gathers prehospitalization functional and 
cognitive details and follows up with the patient and family after discharge. The 
nurse specialist performs a careful medical reconciliation, and the social worker 
arranges family meetings, provides psychosocial support, and performs discharge 
planning. In the aforementioned study, the 173 patients receiving MACE care were 
less likely to experience adverse events (9.5% vs. 17.0%; OR 0.11, 95% CI 0.01–
0.88), had shorter lengths of stay, and a lower rate of re-hospitalization at 30-days 
(OR 0.91, 95% CI 0.39–2.10) when compared with usual care. Although MACE 
teams have not been studied in the ICU setting, there is great potential for these 
multidisciplinary teams to help improve the care of older adults in the ICU, on the 
medical floor, and during the hospital discharge process.

47.5  Conclusion

Mrs. L is transferred to an ACE unit, where planning for post-hospital care begins early. 
An astute pharmacist discontinues inappropriate medications that were initiated in the 
ICU and continued on the medical floor. With physical, cognitive, and occupational 
therapy on the Acute Care for Elders unit, Mrs. L regains a good amount of strength 
while in the hospital. The unit care coordinator and social worker meet early with family 
members to ensure they are well-prepared for the transition home. She is discharged 
home with home nursing and physical therapy services. Immediately after hospital dis-
charge, she is newly disabled in some instrumental activities of daily living (IADLs) 
including daily meal prep, grocery shopping and finances, but she is able to maintain her 
independence at home. At her follow- up appointment with her primary care doctor 3 
months later, she has recovered independence of her IADLs and has happily resumed her 
daily walks.
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In this chapter, we reviewed principles specific to care of the older ICU patient. Our 
recommendations, which are summarized in Fig. 47.1, address the phases of inpa-
tient care for critically ill older adults, including triage, the ICU stay and transfer to 
the hospital floor. Although additional research in ICU triage is warranted, it has 
become increasingly clear that pre-ICU factors such as functional status are more 
strongly associated with post-ICU outcomes than age alone. With regard to care in 
the ICU, the integration of multicomponent interventions, including sensory impair-
ment interventions, holds promise for the future care of critically ill older patients. 
Progress in delirium research continues, but non-pharmacologic strategies remain 
the cornerstone of delirium prevention. Early mobilization, family involvement and 
careful planning are essential to transitions out of the ICU, as is the prompt discon-
tinuation of inappropriate medications. Although Acute Care for Elders units are 
ideal for the post-ICU care of all older adults, MACE teams are promising alterna-
tives for providing the same benefits on the regular hospital floor. Overall, there 
have been great strides made in the past decade on how to best care for older adults 
in the ICU, but this should be an ongoing focus of research, education, and quality 
improvement efforts in the coming years.

• dexmedetomidine to prevent delirium in appropriate patients

• using portable amplifying devices and magnifiers in patients with
  sensory impairment when their own devices are not available

• collaborating with mobile Acute Care for Elders teams or geriatrics
  consultants

• implement ABCDEF bundles

• mobilize patients early

• engage families and plan early for care transitions

• perform medication review and reconciliation at every care transition

• consider baseline functional status and frailty (rather than age alone)
  in discussions about triage and goals of care

• transfer patients to Acute Care for Elders units whenever possible   

CONSIDER

• triage based on age alone

• benzodiazepines and opioids for sedation

• prophylactic haloperidol

• removal of vision and hearing aids in the ICU

AVOID

DO

Fig. 47.1 A summary of recommendations for care of older adults in the ICU and upon trans-
fer to the floor
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48Inhaled Sedation and Reflection Systems
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48.1  Introduction

Volatile anesthetics are increasingly frequently used to sedate intensive care unit 
(ICU) patients who are receiving invasive mechanical ventilation. The AnaConDa™ 
(Sedana Medical, Stockholm, Sweden) is the most frequently used administration 
system. It is intended for use in a single patient for up to 24 h. Up to now, 2.3 million 
devices have been sold globally [1]. There is a growing body of literature showing 
advantages of volatile anesthetics over intravenous sedatives [2, 3] and inhaled seda-
tion has been adopted by the German, British and Spanish sedation guidelines [4–6].

However, common anesthesia ventilators are not suitable for use in the ICU. High 
costs, large space requirements, logistics of soda lime, and limited ability of ventila-
tor modes to augment spontaneous breathing are obstacles to their use. Moreover, 
because of a different alarm setup, anesthesia ventilators are only approved for use 
in the presence of specifically instructed and qualified staff. This precondition can-
not be met in the ICU.

In recent years, alternative modes for efficient application of volatile anesthetics 
in patients managed with standard ICU ventilators have become available. In this 
chapter, these new technical developments will be reviewed as well as some recent 
clinical studies on inhaled sedation.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-06067-1_48&domain=pdf
mailto:Andreas.meiser@uks.eu
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48.2  Specific Reflection Versus Total Rebreathing

All new systems to be used with standard ICU ventilators are based on the reflection 
principle. Instead of rebreathing all expired gases after removal of carbon dioxide, 
as is the case with circle systems, it is possible to specifically retain volatile anes-
thetics and re-inhale them with fresh air. Figure 48.1 shows the characteristics of 
these two principles.

Before entering the circle system, fresh gas passes through a vaporizer to take up 
volatile anesthetic (Fig.  48.1, left). In the circle, two check valves safeguard the 
direction of the flow. A bag-in bottle ventilator, a manual ventilation bag, and a car-
bon dioxide absorber all add considerable compressible volume. An adjustable pres-
sure release valve prevents high pressures and overdistension of the lungs. On the 
other side, breathing gas leaves the system, washing the anesthetic out again. If the 
fresh gas flow is less than the minute volume of the patient, consumption of volatile 
anesthetics is less than in an open system. When the anesthetic concentration needs 
to be increased, the fresh gas flow is usually also increased to wash the anesthetic in 
more rapidly. Consequently, anesthetic losses are correspondingly high.

Reflection systems are much simpler (Fig. 48.1, right). Valves or carbon dioxide 
absorbers are not needed. A small reflector is inserted between the Y piece and the 
patient. Exhaled anesthetic is retained and re-inhaled during the next inspiration. 
This process is called anesthetic reflection. The proportion of reflected molecules as 
part of all molecules exhaled in one breath has been called the reflection efficiency 

10
1

syringe pump

VE 10 L/min VE

cpat

cpat

cpat

cpat

Reflector

Reflection

VE

I
S
O

FGF 1 L/min FGF

CO2

Rebreathing

1

2
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2

Fig. 48.1 Circle system (left: rebreathing) and reflection system (right) as alternative principles 
for saving volatile anesthetics. 1 = adjustable pressure release valve, 2 = unidirectional valves, 
3 = manual ventilation bag, 4 = bag-in bottle ventilator. ISO isoflurane vaporizer; CO2 carbon 
dioxide absorber; FGF fresh gas flow; VE minute volume; Cpat patient concentration. Modified 
from [32] with permission
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[7]. Under optimal conditions, reflection efficiency will be about 90%. This means 
that the savings compared to an open system amount to 90%. The same savings can 
be achieved with a circle system when the fresh gas flow is reduced to 10% of the 
minute volume.

48.3  The AnaConDa™

The AnaConDa™ (Fig.  48.2) is the most widely used reflection system. Liquid 
isoflurane or sevoflurane are delivered by a syringe pump. The end-tidal anesthetic 
concentration, measured by a separate gas monitor, can be increased rapidly by 

a

b

Fig. 48.2 The Anaesthetic Conserving Device (AnaConDa™, Sedana Medical, Stockholm, 
Sweden). (a) Photo. 1 = ventilator side with Y-piece, 2 = anesthetic infusion line, 3 = evaporator 
(hollow porous rod), 4 = patient side with tube elongation, 5 = port for sampling gas, 6 = anesthetic 
reflector (felt of black carbon fibers, hidden in black outer case.) (b) reflection schematic. With 
each expiration, about 90% of exhaled anesthetic molecules are absorbed by the reflector and are 
resupplied during the next inspiration; 10% are lost through the reflector and must be replaced. 
Liquid volatile anesthetic, either isoflurane or sevoflurane, is infused by a syringe pump through 
the anesthetic infusion line into the evaporator and evaporates on its surface in the flow of the 
breathing gas. Modified from [33] with permission
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using the bolus function of the syringe pump. When the reflector is taken away, the 
anesthetic is washed out as quickly as in an open system.

In a bench study, the reflection efficiency of the AnaConDa was determined as 
90% for isoflurane and sevoflurane [8]. However, when the volume of anesthetic 
vapor contained in one expired breath exceeds a certain threshold, the reflection 
efficiency will decrease. This threshold was determined as 10 mL vapor of iso-
flurane or sevoflurane. This equals 1 Vol% contained in 1000 mL or 2 Vol% in 
500  mL tidal volume. This threshold has been referred to as the reflection 
capacity [8].

Anesthetic consumption equals uptake by the patient plus losses through the 
reflector. These losses (V’lost [mL/min]) depend on the respiratory rate (RR, rate per 
min]), tidal volume (VT, [mL]), end-tidal anesthetic concentration (Cpat [Vol%]), and 
the reflection efficiency (RE [dimensionless]), and can be calculated according to 
the following formula:

 

The highlighted part of the equation, VT × CPat, describes the anesthetic vapor 
volume contained in one breath. If this volume exceeds the reflection capacity, 
reflection efficiency decreases. Below this, in the clinical range, reflection efficiency 
is constant at 0.9 [8].

48.4  The Mirus

In 2014, a new reflection system became available: the Mirus (TIM Medical, 
Andernach, Germany). Unlike the AnaConDa, the Mirus comprises an anesthetic 
delivery unit, an anesthetic reflector, gas monitor, and ventilation monitor all in one. 
It controls the end-tidal anesthetic concentration to a set value, and it can also 
administer desflurane [7].

Figure 48.3 shows the Mirus clinical setup. A control unit (Mirus Controller) is 
connected via a multi-lumen cable to an interface (Mirus Exchanger), which is 
inserted between the Y-piece and the endotracheal tube. The interface consists of 
two parts: the Mirus Filter, a bacterial-viral filter and heat-moisture exchanger 
(HME), and the Mirus Reflector. In the Mirus Reflector, anesthetic is delivered and 
reflected and, in addition, airway pressure and flow as well as gas concentrations are 
measured.

As with any side-stream gas measurement, there is a time lag between sampling 
and measuring. With the Mirus, this time lag is short because of a high sample gas 
flow rate of 200 mL/h, and it is known and constant, because the sampling line 
inside the multi-lumen cable is always the same. Taking this time lag into account, 
the Mirus is able to determine the end-tidal anesthetic concentration according to 
the airway flow, not according to the carbon dioxide signal.

A. Meiser and H. V. Groesdonk



631

Other gas monitors rely on the carbon dioxide signal for determination of the 
end-tidal concentration. However, when used with a reflection system, such as the 
AnaConDa, this may lead to falsely high readings [9]. In a bench study, the correct 
determination of the end-tidal concentration by the Mirus was confirmed by re-
measuring with an external gas monitor [7].

To increase the efficiency of anesthetic delivery, saturated vapor is injected at the 
beginning of inspiration to be carried as far as possible down to the lungs. In a test 
lung setup with an inspiratory flow time of only 0.5 s, this short time window was 
always met [7].

The Mirus allows control of the end-tidal concentration by setting a target as a 
fraction of the age-adjusted minimum alveolar concentration (MAC). Figure 48.4 
clarifies the control algorithm. During wash-in, a series of vapor injections takes 
place with every inspiration. These injections stop when the target is exceeded by 

MIRUS
Controller

ICU
ventilator

MIRUS Filter
MIRUS Reflector

MIRUS Exchanger:

1

2

patient

a

b

Fig. 48.3 The Mirus system. (a) control unit (Mirus Controller); (b) setup in a patient. The con-
troller is connected via a multi-lumen cable (blue line) with the cube-like Mirus Exchanger, 
inserted between the Y-piece (1) and the endotracheal tube (2). The Exchanger comprises two 
parts: The Mirus Filter constitutes a heat moisture exchanger with a bacterial filter. It can be 
exchanged separately between patients or when soiled. In the Mirus Reflector, airway pressure as 
well as flow and gas concentrations are measured; anesthetic is injected as well as reflected. 
Modified from [7] with permission
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about 30%. Thereafter, the end-tidal concentration decreases with every breath. 
When it reaches 87% of the target, a new series of injections starts. These oscilla-
tions around the target may be criticized. However, given the short time interval 
between two concentration peaks of about 2.5 min, it can be assumed that the ampli-
tude of the oscillations will be attenuated before reaching the brain [7]. In patients, 
a fluctuating sedation depth has not been noticed using clinical or electrophysiologi-
cal evaluation [10, 11].

Despite the efficient mode of application described above, consumption of des-
flurane in this bench study was as high as 40 mL/h when using 6.6 Vol% desflurane. 
By removing the actual carbon reflector and replacing it with a cut-out of the 
AnaConDa reflector, consumption was reduced by one third, demonstrating that the 
efficiency of reflection of the Mirus may still be improved considerably [7].

In the first publication on the clinical use of the Mirus system, a critically ill 
patient was sedated with desflurane (0.6 MAC) for 24 h; thereafter, isoflurane 
(0.6 MAC) was used with the AnaConDa system [10]. No significant technical or 
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Desflurane concentration [volume%]
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0
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Fig. 48.4 High-resolution recording of the desflurane concentration measured with an external 
gas monitor over five minutes. The black line represents the target concentration, set at 2.4 Vol%. 
End-tidal concentrations can easily be identified as plateaus during each breath (arrows). They go 
up and down swinging around the target. High peak concentrations (spikes) indicate injections of 
saturated desflurane vapor during the inspiratory flow phases. They stop when the end-tidal con-
centration is at 130% of the target (red arrow). Then the end-tidal concentration decreases down to 
87% of the target (black arrow). Thereafter, another series of injections starts. Trough values show 
end-inspiratory concentrations. Their dramatic decrease in relation to the end-tidal concentrations 
indicates the rather low efficiency of the anesthetic reflector. Modified from [7] with permission
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handling problems were reported. Compared to 4 mL isoflurane, 54 mL desflurane 
were consumed per hour. This high consumption of desflurane may be explained by 
high minute ventilation (9–12 L/min), frequent suctioning of tracheal secretions, 
and by use of an earlier version of the Mirus. In two sedation windows, anesthetic 
wash-out and awakening of this patient were considerably faster after desflurane 
than after isoflurane (Fig. 48.5).

In a prospective study, 62 patients post-abdominal surgery were ventilated and 
sedated with sevoflurane using the Mirus in the ICU [11]. On average, end-tidal 
concentrations were 0.76  Vol% (corresponding to median MAC [interquartile 
range] values of 0.45 [0.4–0.53]). A total of 7.9 mL sevoflurane were consumed 
per hour. All patients were breathing spontaneously with pressure support 
(8–12 cmH2O); they were deeply sedated (Richmond Agitation and Sedation Scale 
[RASS] Scores: −4.5 [−3.6 to −5.0]). After 3.3 h (range: 1–19 h) sedation, the 
time until they were fully cooperative was astonishingly short (4 [2.2–5] min). 
Room air concentrations of sevoflurane (0.15 ppm) remained well below the rec-
ommended thresholds. The authors did not notice any technical failures, handling 
issues or safety problems. They concluded that the Mirus system is a promising 
and safe alternative for short- term sedation of ICU patients.
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Fig. 48.5 Anesthetic wash-out and awakening after 24-h sedation with desflurane (blue curve) 
and isoflurane (pink curve) in one patient. The end-tidal desflurane concentration decreases down 
to 20% of the initial concentration (C0; 3.8 Vol%) after 1 min; the isoflurane concentration only 
decreases to 50% of C0 (0.8 Vol%) during the whole observation period of 20 min. The patient first 
responded to voice after 5.08 min at 0.7 Vol% desflurane and after 17 min at 0.44 Vol% isoflurane. 
Modified from [10] with permission
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The Mirus was also used in the operating room in patients undergoing knee or 
hip replacement [12]. Sixty patients were randomized to receive either isoflu-
rane, sevoflurane, or desflurane. Patients were ventilated with an ICU ventilator 
(Puritan Bennett 840, Medtronic, Dublin, Ireland), for the first hour in volume-
controlled mode (tidal volume set at 8 mL/kg); thereafter, spontaneous breathing 
was facilitated. The times to reach 0.5 MAC (ISO/SEV/DES 1.08/2.42/1.33 min) 
and to increase the concentration from 0.5 to 1.0 MAC (1.08/2.72/3.40 min) were 
all very short. Despite the device’s dead space of 100 mL, work of breathing, 
compliance, and resistance measured with the ICU ventilator during spontaneous 
breathing were not different between groups and were within the normal range in 
all patients. As expected, times for awakening and recovery were longer after 
isoflurane compared to sevoflurane and to desflurane. Consumption of desflurane 
(42 mL/h) was about 4 times that of isoflurane (11 mL/h), and consumption of 
sevoflurane about twofold higher (24 mL/h). The authors concluded that Mirus 
was able to reliably deliver and maintain high anesthetic concentrations of 1 
MAC in the end-expired gas.

48.5  The AnaConDa-S™

Both the AnaConDa and the Mirus have a dead space of 100 mL that interferes with 
carbon dioxide elimination. This has been referred to as “volumetric device dead 
space” [13]. In addition, carbon dioxide is also reflected by the reflectors. Carbon 
dioxide reflection may be quantified as apparent [14] or “reflective” dead space 
[13], defined as the increase in tidal volume necessary for its compensation. The 
reflective dead space of the AnaConDa is large under dry laboratory conditions 
(almost 200 mL), [13, 14] but small when volatile anesthetics are used under body 
temperature, pressure, saturated conditions (about 40 mL) [13, 15]. Altogether, this 
large dead space of 140 mL may interfere with low tidal volume ventilation when 
lung protective ventilation strategies are indicated.

Therefore, a reduction in dead space has been postulated, even at the cost of a 
somewhat lower reflection efficiency for anesthetics [8]. Very recently, the 
AnaConDa-S (Sedana Medical) has become available (Fig. 48.6). This device is 
very similar to the classical AnaConDa, but its volumetric dead space is only 50 mL 
and its reflective dead space is also lower by about 15 mL. On the other hand, the 
reflection efficiency of the AnaConDa-S for isoflurane is still over 80% in the clini-
cal range (0.4 Vol% isoflurane, 500 mL tidal volume) [16].

The AnaConDa-S has been tested in 10 critically ill patients breathing spontane-
ously with pressure support through endotracheal tubes [17]. In this study, the 
patients were switched from the classical AnaConDa to the AnaConDa-S. Isoflurane 
and opioid infusion rates were not changed, and sedation depth, arterial carbon 
dioxide pressure, and all ventilation parameters remained the same, except that the 
patients reduced their tidal volumes by 66 mL on average, confirming the data from 
the bench study of a reduced dead space [16].
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Fig. 48.6  
AnaConDa-100 mL 
(100 mL internal volume) 
and AnaConDa-50 mL 
(50 mL internal volume) 
in the same scale for size 
comparison. Modified 
from [16] with permission

48.6  Other Reflection Systems

An anesthetic reflection system has also been used in a different way: interposed 
between two (!) circle systems (Fig. 48.7) [18]. The primary circle system was part 
of a common anesthesia ventilator; the secondary contained an in-line vaporizer as 
well as a second carbon dioxide absorber. As reflector, the active carbon felt from 
AnaConDa was used. Six small pigs were ventilated with tidal volumes of 200 mL 
and minute volumes of 3.0–4.0 L/min. The authors compared consumption of sevo-
flurane with and without the reflector in place: at a fresh gas flow of 1 L/min, the 
reflector reduced consumption of sevoflurane by 50%. When increasing the fresh 
gas flow, consumption without the reflector increased drastically, but with the reflec-
tor in place, it remained the same. A similar setup had been used by Perhag and 
colleagues with zeolite as a reflecting material [19]. Ultimately, the reflector, 
decreasing consumption irrespective of fresh gas flow, could be built into the anes-
thesia ventilator. Using such a setup, carbon dioxide reflection as well as any addi-
tional dead space between Y piece and the patient could be avoided. However, such 
a system seems too bulky and interposes too much compressible volume between 
the ventilator and the patient, impairing the ventilator’s capabilities to augment 
spontaneous breathing. No such system is now commercially available.
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In a test lung study, reflection properties of carbon (charcoal derived from coconut 
shells) and zeolite granules (ultrastable zeolite Y, US-Y) were evaluated [20]. Glass 
spheres served as inert controls. The respective granules, 1 mm in diameter, were used 
to refill the emptied case of an HME. Compared to the glass spheres, consumption of 
isoflurane was reduced by 70% by carbon and zeolite alike. This rather low reflection 
efficiency may be explained by several factors: first, 1.5 Vol% isoflurane in a tidal vol-
ume of 600  mL, corresponding to 9  mL isoflurane vapor, may have exceeded the 
reflection capacity of this self-built reflector. Second, the molecular type of charcoal 
and zeolite may not have been optimal. Third, the size, the shape, and the three-dimen-
sional arrangement of the granules may have limited the surface area exposed to the 
anesthetics. And finally, the shape and size of the housing may not have been optimal 
to slow down and disperse the airflow over and through the reflecting material to pro-
long contact time. Fibers interwoven in a felt instead of loosely packed granules as well 
as the shape of the AnaConDa housing may have considerable influence on the exposed 
surface area as well as on contact time, thereby increasing reflection efficiency.

48.7  Clinical Studies

Many clinical studies have shown advantages of inhaled versus intravenous sedation, 
such as shorter time to extubation [21], more rapid recovery of cognitive functions 
[22–24], faster mobilization [25], and more rapid discharge [26]. Two recent publi-
cations emphasize the possibility of augmented spontaneous breathing despite deep 
sedation in patients with severe adult respiratory distress syndrome (ARDS) under-
going continuous lateral rotational therapy [27] or veno-venous extracorporeal 
membrane oxygenation [28].

Anesthesia ventilator

Sodalime

CO2

Inline
vaporizerS

E
V
O

Secondary circle

1. R 2.

Fig. 48.7 Experimental setup with an anesthetic reflector (R) interposed between two circle sys-
tems. Check valves safeguard the unidirectional flow. The secondary circle comprises an inline 
vaporizer as well as a second carbon dioxide absorber. Modified from [18] with permission
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Fig. 48.8 Kaplan-Meier survival curves of a 6-year cohort of critically ill patients ventilated for 
more than 96 h, sedated with either isoflurane or propofol/midazolam. (a) all 369 patients included; 
(b) the selected group of 200 analyzed patients. Modified from [30] with permission
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In a randomized controlled multicenter trial involving 50 patients with severe 
ARDS, patients receiving inhaled sevoflurane showed a significant improvement in 
oxygenation after 2 days compared to patients receiving intravenous midazolam. 
This was associated with significantly decreased concentrations of soluble receptor 
of advanced glycation end-products (sRAGE), a biologic marker of alveolar epithe-
lial injury in plasma as well as in bronchoalveolar lavage fluid [29].

In a retrospective analysis of a 6-year cohort of 369 patients who had received 
invasive ventilation for more than 96 h, patients that had received inhaled isoflurane 
showed a significantly reduced hospital (40% versus 63%) as well as 1-year mortality 
(50% versus 70%) compared to patients sedated with propofol or midazolam 
(Fig. 48.8). After adjustment for potential confounders, the mortality risk attribut-
able to isoflurane was 0.35 (confidence interval: 0.18–0.68) for hospital mortality 
and 0.41 (0.21–0.81) for 1-year mortality [30].

Apart from their sedative effect, volatile anesthetics may have widespread effects 
outside the central nervous system. They possess end-organ protective effects medi-
ated via anti-inflammatory and cytoprotective mechanisms (reviewed in [2]). On the 
other hand, we know that deep intravenous sedation is associated with increased 
mortality [31]. The reason for the difference in mortality found in the above cited 
retrospective analysis [30] may therefore not be a positive effect of inhaled sedation, 
but simply avoidance of longer lasting, intravenous sedation.

48.8  Outlook

There is not yet explicit approval for ICU sedation with volatile anesthetics. A mul-
ticenter study with the title “A randomized controlled open-label study to confirm 
the efficacy and safety of sedation with isoflurane in invasively ventilated ICU 
patients using the AnaConDa administration system” (Acronym: Isoconda; Sponsor: 
Sedana Medical, EudraCT number: 2016-004551-67) is currently under way. Thirty 
participating hospitals in Germany are going to include 300 patients. A series of 
substudies will address specific questions, such as the influence of isoflurane on 
pulmonary artery pressure, monitoring of sedation depth using clinical as well as 
electrophysiological parameters, delirium, quality of life and neuropsychological 
outcome, as well as 1-year mortality. With the results of this study, official approval 
of ICU sedation with isoflurane by the Bundesinstitut für Arzneimittel und 
Medizinprodukte is expected.

48.9  Conclusion

Inhaled sedation is increasingly used in everyday practice in many ICUs world-
wide, with more and more studies showing its benefits. To meet clinical demands, 
different administration systems have evolved and are now commercially avail-
able. These systems can be used with standard ICU ventilators. They are based 
on the reflection principle: instead of rebreathing all expired gases (after removal 
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of carbon dioxide), savings are achieved by specifically reflecting the volatile 
anesthetic back to the patient; for the rest, fresh air is inspired. The available 
systems differ in efficiency, dead space, and technical perfection. Anesthetic 
wash-in and concentration changes are achieved quickly. When removing the 
reflectors from the breathing circuit, wash-out is very fast. In terms of anesthetic 
consumption, reflection systems must compete with circle systems used with 
low or even minimal fresh gas flow.

Acknowledgments We thank Karen Schneider for critical revision and correction of language.
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49Intensity Matched Algorithm 
for Comfort in Intensive Care Patients: 
I-MAC ICU

Y. Shehabi, A. Pakavakis, and W. Al-Bassam

49.1  Introduction

Achieving optimal analgesia and sedation for critically ill patients has been the focus of 
multiple iterations of guidelines and clinical practice recommendations [1–3]. The com-
mon goal has been to deliver adequate analgesia and provide light sedation to reduce 
patients’ dependency on mechanical ventilation and to enhance early physical recovery.

Different algorithms have also been published with the aim of formulating a 
convenient patient-centered approach that could be implemented in the context of 
critical illness. The Early Comfort Using Analgesia, Minimal Sedatives and 
Maximal Humane Care (eCASH) concept focused on early effective pain relief and 
comfort with light or no sedation to allow earlier mobilization, reduce the risk of 
agitation and distress and accelerate return to normal routine with improved sleep 
quality [4]. The level of adoption of eCASH has not been investigated and remains 
unknown. The evolving “Assessing pain; Both spontaneous awakening and breath-
ing trials; Choice of drugs; Delirium monitoring/management; Early exercise/
mobility; and Family empowerment” (ABCDEF) bundle, which has gained popu-
larity in many countries, packages six domains of interventions to be implemented 
at an organizational level and by bedside care-givers [5, 6]. The bundle emphasizes 
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the importance of a change in culture and advocates a multidisciplinary coordinated 
approach to the assessment and management of pain, ventilator and sedation wean-
ing and delirium.

Despite the increased awareness of these guidelines and bundles, a worldwide survey 
of the ABCDEF Bundle showed that practice was highly variable around the world [7]. 
Some strategies, such as the use of pain and sedation scores appear to be widely used, 
while other elements, such as the use of delirium screening tools, spontaneous breathing 
trials and sedative interruption and weaning, have been less well implemented.

The Society of Critical Care Medicine’s updated 2018 Clinical Practice 
Guidelines on the management of Pain, Agitation/sedation, Delirium, Immobility 
and Sleep disruption (PADIS) extended our understanding of current knowledge but 
identified evidence gaps and research priorities to be addressed, mainly due to limi-
tations associated with previous research in this area [8]. The PADIS included an 
implementation plan to encourage clinicians and organizations to adopt and/or 
adapt the PADIS principles [9].

49.2  The Need for a Practical, Personalized, Patient-Centered 
Approach

Despite the comprehensive nature of Clinical Practice Guidelines and bundles, there are 
some limitations and barriers to implementation. These Guidelines and bundles were not 
designed to be prescriptive in nature. They provide general principles and recommenda-
tions and leave the details to the clinicians and bedside care givers. Thus, the provision 
of adequate analgesia and light sedation, two principal recommendations, does not con-
sider individual variability in the intensity of pain, agitation or risk of delirium.

Intensity of pain can be influenced by many variables including patient factors, 
such as age, ethnicity, prior exposure and acute illness, and procedure-related fac-
tors [10]. An individual’s perception of pain will vary depending on psychological 
and physical characteristics. Patient factors, such as young age, non-white ethnicity, 
sex and a history of anxiety or depression, have been associated with a heightened 
pain experience [11]. Hospital factors, such as intensive care unit (ICU) length of 
stay, prolonged time from onset of pain to analgesic administration, the type of 
procedure and the experience of pre-procedural pain, can also lead to reporting of 
more intense pain [12]. The importance of understanding the various factors that 
alter a patient’s pain experience become clearer when it is appreciated that moderate 
to severe pain is an independent risk factor for agitation. Furthermore, the severity 
of agitation can also be influenced by other factors including sex, prior illness, con-
current medications and the severity of presenting illness [13]. A history of sub-
stance abuse, smoking, psychiatric illness and mechanical ventilation also increases 
the likelihood of a patient becoming agitated. Patients who experience agitation in 
the ICU have been shown to have fewer ventilation-free days, longer ICU lengths of 
stay and are more likely to be discharged to a care facility [13].

In addition, risk factors for delirium in the critically ill have been identified. The 
risk factors can be divided into four domains: patient characteristics, chronic health 
comorbidities, acute illness factors and environmental factors. Within these groups, 
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risk factors should be further considered in terms of ability to modify (Box 49.1) 
[14]. The individual variability in the intensity of pain, agitation and increasing risk 
of delirium mandates an approach that takes into account the triggers, drivers and 
risk factors mentioned.

There is also a need to consider the early phase of critical illness following the 
initiation of mechanical ventilation. Many reports have suggested that deep sedation 
in the first 48 h after initiation of mechanical ventilation is a significant risk factor 
for prolonged mechanical ventilation, increasing risk of delirium and risk of death 
[15–19]. Therefore, delivery of optimal analgesia and sedation early and consis-
tently to critically ill patients is a clinical imperative.

The scope of illness severity, the multiplicity of intensive care therapeutic interven-
tions and the dynamic nature of critical illness and organ dysfunction influence the 
metabolism and kinetics of sedative and analgesic agents [20]. All of the above mandate 
a practical bedside approach, that provides a mixture of pharmacological and non-phar-
macological interventions tailored, individualized and personalized to patients’ needs.

Based on these principles, we present an Intensity Matched Algorithm for 
Comfort (I-MAC ICU) that categorizes critically ill adults into three groups accord-
ing to the severity and complexity of presenting illness including diagnostic cate-
gory, severity of organ dysfunction and intensity of therapeutic interventions 
required to support respective organ dysfunction. Patients are divided according to 
the expected or actual intensity of pain, agitation and risk of delirium into Group 1 
(low intensity), Group 2 (intermediate intensity) and Group 3 (high intensity) with 
correspondingly escalated interventions utilizing the principles outlined in the 
PADIS guidelines and using multimodal analgesia and sedation (Table 49.1).

49.3  The Perceived Benefits of I-MAC ICU

 1. This algorithm provides a standardized, yet personalized, practical approach that 
can be used in all patients using known and common analgesic and sedative 
agents that are used in current practice. This can be delivered shortly after 

Box 49.1 Factors that increase the risk of delirium in critical illness

Patient factors Chronic health factors Acute illness factors
Environmental 
factors

Age Dementia Coma No visible daylight
Alcohol use Hypertension APACHE II Benzodiazepines
Nicotine use Cardiac disease Emergency surgery Opiates

ASA physical status Mechanical ventilation Epidural analgesia
Polytrauma Physical restraints
Metabolic acidosis Isolation
Organ failure No normal food
Fever
Medical admission

ASA American Society of Anesthesiologists; higher risk factors in bold font
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admission to intensive care achieving early and targeted delivery of analgesics 
and sedatives [21].

 2. It provides a clinically desirable frequently reviewed sedation target for each 
group. This can reduce unjustified iatrogenic deep sedation and maintain appro-
priate target sedation.

 3. The use of multimodal analgesia provides the optimal use of pre-emptive and 
effective pain relief for procedures and therapeutic interventions. The use of opi-
oids, considered the corner stone of pain management, with the N-methyl-d- 
aspartate antagonist ketamine and local or regional blockade as appropriate 
provides an effective strategy for pain relief [22–24].

 4. It delivers sedative medications to target sedation and allows titration and de- 
escalation as clinically desirable. It allows the use of multimodal sedation which 
reduces the side effects and maximizes the benefits of individual agents. It com-
bines the use of propofol, an agent known for fast onset and offset and easy titra-
tion to effect, with agents such as dexmedetomidine known for providing 
conscious light basal sedation, which hastens resolution of agitation and shortens 
ventilation time [25–27].

 5. The de-escalation strategy mandates frequent evaluation of the need for deep 
sedation. Thus, clinically desirable deeper levels of sedation can be maintained 

Table 49.1 Intensity-matched escalated interventions and de-escalation algorithm

Group Escalated interventions De-escalationa

Group 1: low 
intensity

Multimodal analgesia
Opioid (e.g., morphine 1–5 mg/h)
± regional analgesia
± low dose ketamine
(0.15–0.25 mg/kg/h)
Paracetamol injectable or oral
Non-steroidal with caution
Pregabalin for neuropathic pain

Continue analgesia as needed

Minimal or no sedation
± propofolb (0.5–1 mg/kg//h)
or ± dexmedetomidine
(0.2–0.5 μg/kg/h)

Cease any sedatives

Group 2: 
Intermediate 
intensity

Multimodal analgesia (as above)
Minimal sedation
+ propofolb (1–3 mg/kg/h)
± dexmedetomidine (0.2–1 μg/kg/h)

Continue analgesia as needed
Wean sedation as appropriate
Add dexmedetomidine if agitated

Group 3:
High intensity

Multimodal analgesia (as above)
Multimodal sedation:
+ propofolb (1–3 mg/kg)
+ intermittent boluses of midazolam 
(2–5 mg) or continuous midazolam 
infusion (1–5 mg/h)
Recommend suitable neurophysiologic 
monitoring for sedation depth

Continue analgesia as needed
Cease midazolam
Low dose propofolb (0.5–2 mg/kg)
Consider dexmedetomidine (0.7–1 
μg/kg/h)
Consider quetiapine (12.5 mg 
−50 mg/day)

aDe-escalation with frequent assessment of the need for deeper sedation
bPropofol dose not to exceed 200 mg/h
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for the shortest possible time. The use of dexmedetomidine in the de-escalation 
phase can minimize the risk of emergent delirium [28, 29], which is common 
following periods of deep sedation in patients with high intensity pain, agitation 
and increased risk of delirium.

 6. Adequate analgesia and light cooperative sedation is an essential pre-requisite to 
early mobilization and access to physical rehabilitation [19]. I-MAC ICU pres-
ents a high degree of individualized titration of analgesics and sedatives that is 
likely to achieve comfort with effective pain relief and optimal light sedation 
early in the phase of critical illness. Early access to physical rehabilitation and 
mobilization is important to earn the desired improvement in clinical outcomes, 
such as lower delirium and shorter ventilation time and ICU stay [30].

 7. The algorithm allows for the early use of non-pharmacological interventions to 
prevent delirium and sleep disruption at all times in all patients as appropriate 
and practically feasible [8, 31, 32]. The success of these interventions is enhanced 
by an improved level of communication and family engagement with comfort-
able and awake patients, an essential and desired outcome of the I-MAC ICU.

49.4  Key Elements of the I-MAC ICU

We divide critically ill patients into three groups (Fig. 49.1) as follows:
Group 1: Low intensity of pain, agitation and risk of delirium. This is further 

divided into:

 (A) Patients who require ventilation for less than 24 h. This is typically a post- 
operative patient who remains ventilated following surgery, such as cardiac 
surgery or complex thoracic or abdominal surgery. It also includes patients who 
present with a non-operative medical illness that requires short-term ventila-
tion, such as respiratory distress, pulmonary edema or a respiratory infection or 
sepsis. The target Richmond Agitation Sedation Score (RASS) [33] for these 
patients should be a RASS of 0, i.e., awake, calm and responsive to voice. The 
principal I-MAC ICU in this group is multimodal analgesia as described in 
Table 49.1. The dosages and analgesic medications described present an exam-
ple of our own practice. In a minority of patients, comfort may be enhanced 
with the addition of a sedative at the lowest possible dose. Propofol or dexme-
detomidine are the agents that we recommend. Consistent with PADIS 2018 
Guidelines [8], the use of benzodiazepines in this group of patients should be 
discouraged.

 (B) Patients who require ventilation for more than 24 h and typically for 3–5 days. 
Typically patients presenting with complicated surgery or medical illness that 
is associated with more than one organ dysfunction, such as severe intra- 
abdominal infections, pancreatitis, hospital or community-acquired pneumo-
nia, and cardiogenic shock. The target RASS in this group is 0 to −1, i.e., 
responsive to voice and able to make eye contact for longer than 10  s. 
Multimodal analgesia continues to be the principal intervention for comfort in 
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this group of patients, especially following any surgical intervention. Comfort, 
however, is significantly enhanced by the addition of sedative agents that are 
short acting and easy to titrate, such as propofol, or agents that allow rousable 
light sedation, such as dexmedetomidine. The dose of propofol and or dexme-
detomidine that may be required in this group of patients is higher than that 
required for patients needing ventilation for less than 24  h (Fig.  49.1 and 
Table 49.1).

Group 2: Intermediate intensity of pain, agitation and risk of delirium. This 
group is further divided into:

 (A) Patients with severe respiratory failure requiring high fractional inspired O2 
(FiO2), high positive end-expiratory pressure (PEEP) with possible ventilator 
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Non pharmacological interventions:
Family, environment, communication, sleep, cognitive stimulation and orientation

Sleep promotion:
Consider quetiapine and /or melatonin (or ramelteon)

Group 3Group 2

Severe brain injury/
high ICP/

uncontrolled
seizures and NMB

Severe multitrauma/
severe Burns +/-

NMB

Significant
therapeutic

intervention1

Ventilator
dyssynchrony/

severe respiratory
failure

MV >24 h:
Complex surgery or
medical admission

with MOF

MV >24 h:
Post surgery

Medical admission

Target
RASS

0

Intensity of pain, agitation and increased risk of delirium

Target
RASS
0 to -1

Target
RASS
-1 to -2

Target
RASS
-2 to -3

Target
RASS
-3 to -4

Target
RASS
-4 to -5

Fig. 49.1 Intensity Matched Algorithm for Comfort (I-MAC) ICU approach. This graph depicts 
increasing intensity of pain, agitation and risk of delirium on the X-axis according to severity of 
illness, complexity and diagnostic presentations and therapeutic interventions required. A stepwise 
algorithm is described with defined Richmond Agitation Sedation Score (RASS) targets, multi-
modal analgesia and minimal use of sedatives to achieve comfort and clinically desirable sedation 
targets. Frequent evaluation of sedation targets and titration to effect is an important aspect of the 
de-escalation process. For detailed doses and agents used, see Table 49.1. 1Significant therapeutic 
intervention  =  extracorporeal life support, therapeutic hypothermia and prone positioning. MV 
mechanical ventilation; MOF multiple organ failure; NMB neuromuscular blockade
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dyssynchrony. The target RASS for these patients is −1 to −2, i.e., responds 
to voice and makes eye contact. While multimodal analgesia is an essential 
first component of comfort care, the provision of light sedation using propofol 
± dexmedetomidine, at higher doses than prescribed in Group 1 (Table 49.1), 
will facilitate ventilator therapy and possibly shorten liberation time from 
mechanical ventilation when compared with using benzodiazepines, such as 
midazolam [26].

 (B) Patients with significant multisystem organ failure who are likely dependent on 
highly invasive therapeutic interventions, such as extracorporeal life support, 
targeted temperature management, prone positioning or neuromuscular block-
ade. The target RASS for these patients is −2 to −3, i.e., patients are responsive 
to voice but may be unable to make eye contact. In this group of patients, the 
RASS target should be re-evaluated and reviewed at least twice a day and 
moved to lighter levels as soon as clinically acceptable. Combination of propo-
fol and dexmedetomidine in appropriate dosages should provide comfort and 
tolerance for life saving therapeutic interventions.

Group 3: High intensity pain, agitation and risk of delirium. These are the sickest, 
most critically ill patients in the ICU. This group of patients can be subdivided into:

 (A) Those with severe multisystem organ failure, due to severe multi-trauma or 
burns for example, or severe septic shock or other complicated life-threatening 
medical conditions. The target RASS for these patients can be typically 
between −3 to −4, where patients are able to open eyes to tactile stimulation. 
This is a moderate to deep level of sedation that can be achieved by the addition 
of intermittent boluses of midazolam in addition to multimodal analgesia and 
sedation. In principle, the RASS targets should be frequently reviewed and 
sedation lightened as soon as possible.

 (B) Patients with severe traumatic or non-traumatic brain injury with/without 
raised intracranial pressure (ICP), persistent seizure activity and/or prolonged 
neuromuscular blockade. These patients need deep levels of sedation to facili-
tate ICP control and prevent distress and awareness. The target RASS should 
be −4 to −5. Because of the loss of clinical means of assessing the level of 
sedation, we recommend using appropriate neurophysiological monitoring to 
avoid unwarranted extreme levels of deep sedation. The use of midazolam by 
infusion in these patients may be warranted, however, the dose should be kept 
to the lowest possible with the use of multimodal analgesia and sedation includ-
ing propofol, dexmedetomidine and/or suitable enteral agents such as loraze-
pam or quetiapine. Similar to above, the need for deep sedation must be 
frequently evaluated and sedative titration, including complete cessation, may 
be required to achieve lighter sedation targets.

Patients in Group 3 are at high risk of emergent delirium; we suggest the use of 
a dexmedetomidine infusion during the de-escalation phase to reduce the risk of 
agitation and delirium [28] and shorten dependency on mechanical support.
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49.5  Maximizing Non-pharmacological Interventions

Concomitant non-pharmacological support for critically ill patients represents the 
humane side of caring for critically ill patients and as such should be a priority in 
any setting. The I-MAC ICU calls for these interventions to be delivered to all 
patients as standard. The nature of these interventions, however, is highly institution 
dependent; it relies on local expertise and the availability of skilled human resources.

Improving communication between patients, families and care-givers is pivotal, 
this can be facilitated by technology enhancement and the use of visual and hearing 
aids. The use of music, television, bedside smart phones and e-books and newspa-
pers may maintain a reasonable level of cognitive and intellectual orientation and 
stimulation. These measures, while common sense interventions, are not simple to 
deliver consistently and as such have variable success.

49.6  Reducing Sleep Disruption

In addition to the above interventions, day/night orientation, ear plugs, eye masks, 
noise reduction and implementation of low activity night routine may reduce the 
risk of sleep disruption, a major issue in the ICU [8]. It is plausible, not proven yet, 
that adequate sleep may reduce the intensity of pain, agitation and reduce the risk of 
delirium in critically ill patients. With best intentions, however, non- pharmacological 
interventions may not be adequate to reduce sleep disruption. Thus, the use of non- 
benzodiazepine- based medications, such as melatonin, melatonin agonists, such as 
ramelteon [34] or quetiapine may induce normal sleep architecture and possibly 
reduce the intensity of pain, agitation and risk of delirium.

49.7  Limitations of I-MAC ICU

The obvious strength of I-MAC ICU is the logical sequence of a stepwise ladder of 
interventions that utilizes multimodal analgesia and sedation with agents that are 
commonly used in clinical practice. It is adaptable and practical and can be used in 
any ICU and for almost all types of patients. The obvious limitation is the lack of a 
tested hypothesis showing the efficacy of the proposed algorithm. While this is an 
opinion piece based on the authors’ experience, it is consistent with published 
guidelines and supports the spirit of other bundles, such as the ABCDEF bundle, 
shown in observational studies to improve patient-specific outcomes, such as venti-
lation time, delirium and even mortality [35].

49.8  Conclusion

Clinical Practice Guidelines advocate for the provision of effective analgesia and 
optimal targeted sedation in critically ill adults. The I-MAC ICU is a stepwise esca-
lated, prescriptive, intensity-based algorithm. It provides an individualized practical 
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approach at the bedside to deliver effective multimodal analgesia and targeted opti-
mal multimodal sedation, based on the intensity of pain, agitation and risk of delir-
ium in critically ill patients. It also provides a stepdown de-escalation algorithm 
designed to reduce unjustified iatrogenic coma and reduce the risk of emergent agi-
tation and delirium. The I-MAC ICU incorporates non-pharmacological strategies 
and encourages sleep to reduce the need for pharmacological interventions and 
accelerate the recovery of critically ill patients.
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50Sleep and Circadian Rhythm  
in Critical Illness

I. Telias and M. E. Wilcox

50.1  Introduction

Sleep is controlled by two major regulatory systems: a circadian system that drives 
24-h periodicity (Process C), and a homeostatic system (Process S) that ensures 
adequate amounts of sleep are obtained. Both processes are disturbed in critically ill 
patients, potentially due to exposure to sleep-altering medications (e.g., propofol), 
the structure of the intensive care unit (ICU) environment (e.g., workflow), aggrava-
tion of a pre-existing sleep disorder, and/or effects of acute illness (e.g., sepsis). As 
a result, patients may experience delirium, poor respiratory function, and dysregu-
lated immune system reactivity. Several methods of measuring sleep in the ICU 
exist, although all provide their own challenges. A number of intervention-based 
therapies to improve ICU sleep and circadian rhythm disturbances have been 
explored, including noise reduction protocols, music therapy, light treatment, and 
different modes of mechanical ventilation. These studies have met with limited 
success.
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50.2  Physiology of Sleep

The brain is active during sleep. Sleep is regulated by several centers in the brain-
stem, hypothalamus, thalamus and forebrain. Involvement and downregulation of 
the ascending reticular activating system (ARAS) is important for sleep-wake regu-
lation and involves a number of nuclei in the hypocretinergic, GABAergic, hista-
minergic, adrenergic, and cholinergic systems. Together, these systems orchestrate 
sleep into the main phases of rapid eye movement (REM) and non-REM (NREM) 
sleep, classically described by the Rechtschaffen and Kales Rules (R&K rules) [1]. 
NREM sleep is further divided into three sleep stages: substages N1, N2 and N3. 
The N3 substage is known as slow wave sleep (SWS) [1]. Normal sleep architecture 
consists of stages occurring in cycles of 90–120 min each [1, 2].

Circadian rhythms refer to self-sustained fluctuations with a period of approxi-
mately (cira) 1 day (diem) in various physiological processes. In humans, the cir-
cadian system is composed of many individual, tissue-specific clocks with their 
phase being controlled by the master circadian pacemaker, the suprachiasmatic 
nucleus (SCN) of the hypothalamus [2]. The most evident circadian rhythm in 
humans is the sleep-wake cycle. The SCN directly regulates multiple neurotrans-
mitter systems that either drive or modulate sleep, including the hypothalamo-
pituitary-adrenal (HPA) axis and melatonin from the pineal gland [2]. Circadian 
clock genes identified in human peripheral tissues to date include Period (Per-1-3), 
Cryptochrome (Cry-1 and Cry-2), Clock, and Bmal1, which coordinate with the 
master circadian pacer [2]. External factors that are called ‘timekeepers’ or zeitge-
bers, such as light/dark cycle, interact with internal clocks by synchronizing their 
different oscillation phases. Circadian rhythms have a duration of approximately 
24 h and can be assessed through chronobiologic analysis of the time series of 
melatonin, cortisol and temperature [2].

50.3  Altered Sleep in the ICU

Normal sleep architecture varies among individuals [3]. A ‘normal’ sleep stage in a 
healthy young adult might be: 2–5% N1, 45–55% N2, 3–15% N3 or SWS and 
20–25% REM [3]. Normal transition from wake to sleep onset occurs within 
10–20 min, and the first period of REM typically occurs within 90–120 min [2]. 
Although the total sleep time within a 24-h period in the ICU is similar to that of a 
non-hospitalized individual, marked differences exist in sleep architecture. As much 
as half of a critically ill patient’s sleep occurs during daytime hours with N1 and N2 
representing a larger percentage of the total sleep time. The duration and frequency 
of both SWS and REM sleep are reduced, and frequent arousals lead to high sleep 
fragmentation. Altered patterns of sleep during an ICU stay take days to normalize 
and in certain cases may persist after transfer to the general floor/ward. In a recent 
study by Wilcox et al. characterizing the quality and quantity of sleep in ICU survi-
vors within 7 days of discharge to the ward, approximately two-thirds (61%) of 
patients had persistent sleep disturbances. Further, patients continued to experience 
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little or no SWS and/or REM sleep, independent of external factors (e.g., frequency 
of vital sign measurement or number of beds in the room) [4].

Critically ill patients experience circadian rhythm disruption likely secondary to the 
absence of effective zeitgebers in the ICU environment. In addition, systemic inflam-
mation may also disrupt circadian rhythmicity of chronobiologic markers. In a study 
by Haimovich et al., the administration of intravenous endotoxin in human volunteers 
dramatically altered circadian clock gene expression in peripheral blood leukocytes, 
suggesting a misalignment of central and peripheral clocks in the modulation of the 
inflammatory response [5]. Mundigler et al. assessed circadian disruption in 17 septic 
patients, 7 non-septic patients and 21 controls admitted to an ICU [6]. Urinary 6-sulfa-
toxymelatonin (6-SMT) exhibited loss of circadian rhythmicity with no daytime 
decline in septic patients [6]. Recently, Li et al. measured plasma levels of melatonin, 
tumor necrosis factor (TNF)-α, interleukin (IL)-6 and messenger RNA of the circadian 
genes Cry-1 and Per-2 for 24-h in septic and non-septic ICU patients (n = 22) [7]. 
Altered circadian rhythm of melatonin secretion, reduced expression of Cry-1 and Per-
2, and elevated levels of TNF-α and IL-6 were seen in patients with sepsis [7]. Further, 
peripheral circadian gene expression was suppressed independent of the melatonin 
rhythmicity, confirming that, at least in the acute phase of sepsis, there is an uncoupling 
of the central master clock and peripheral tissue-specific clock genes.

50.4  Mechanisms and Physiological Consequences of Sleep 
Disturbances in the ICU

50.4.1  Light-Dark Cycle

Light is measured in units of lux. On a sunny day in early spring, light levels range 
from 32,000 to 60,000 lux. In the ICU, reported daytime light levels range from mean 
illumination levels of 30–165 lux; nocturnal light levels vary from 2.4 to 145 lux; and 
during procedures (e.g., central line insertion) light devices can deliver up to 10,000 lux 
[8, 9], which definitely can alter a patient’s circadian rhythm. Different studies modu-
lating light exposure, have been shown to decrease incident delirium, possibly through 
a mechanistic link with modulation of sleep. For example, nocturnal light exposure 
decreases the secretion of melatonin, a hormone secreted by the pineal gland in 
response to darkness, which can ultimately result in sleep disruption [2]; the disrup-
tion of the circadian rhythm seen in patients with severe sepsis (n = 7) was reflected in 
the first 48 h of ICU admission by disordered diurnal variation of urinary 6-SMT 
excretion [10]. In animal models, circadian rhythm disruption due to constant light 
exposure led to reduced expression of Per-2 in the SCN and subsequent behavioral 
symptoms of delirium (i.e., executive dysfunction and memory impairment) [11]. 
Clinical symptoms were reversed with nobiletin, a known enhancer of Per-2 function 
[11]. Findings of diurnal disruption have been reported in traumatic brain injury 
(TBI), trauma and medical patient populations [12]; any association between diurnal 
disruption and resultant outcome (e.g., sedative use, incidence delirium or length of 
stay) in these patient populations has yet to be demonstrated.
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50.4.2  Noise in the ICU

Noise has been reported as an important contributing factor to sleep disturbance in 
the ICU. The most common contributing sources of sound disruption are staff con-
versation, alarms, and patient care interventions [13]. As per the World Health 
Organization, sound levels should not exceed 30 A-weighted decibels (dBA). Sound 
levels in numerous ICU studies have reported levels of noise at mean values of 
53–59 dBA with peak noise levels of 67–86 dBA [13, 14]. ICU noise levels during 
daytime and nighttime hours have been found to be similar. ICU noise contributes 
to patients’ lack of REM sleep [13].

50.4.3  Sensorimotor Experience

50.4.3.1  Sedation
Unlike natural sleep that serves an essential biological function, sedation fre-
quently leads to atypical electroencephalogram (EEG) patterns that are not com-
monly observed in normal sleep. Benzodiazepines and propofol, both GABA 
agonists, are frequently used for sedation in critically ill patients, propofol being 
recommended as a first-line agent by current guidelines [15]. Benzodiazepine 
administration results in decreased sleep latency but adversely effects sleep archi-
tecture, decreasing SWS and REM stages of sleep [16]. Propofol is also a potent 
suppressor of SWS and at high doses can induce EEG burst suppression. Opioids, 
commonly administered in conjunction with sedatives in critically ill patients, 
bind the μ-receptors of the ponto-thalamic arousal pathway, a key pathway in 
REM generation [17]. In a dose-dependent manner, opioids can suppress both 
SWS and REM [17]. In an observational study (n = 21) of mechanically ventilated 
medical ICU patients on intravenous sedation and analgesia, pronounced tempo-
ral disorganization and a paucity of normal sleep EEG findings were seen [18]. 
Although circadian rhythm was preserved in this study, patients exhibited a phase 
delay in their excretion of urinary 6-SMT, suggesting that their circadian pace-
makers were free-running [18].

Dexmedetomidine is one of the most recently introduced agents for sedation in 
the ICU. It is a potent and highly selective α-2-adrenergic agonist, with the action of 
dose-dependent sedation, anti-anxiolysis, and analgesia adjunct. Dexmedetomidine 
has been shown to more closely create natural sleep than other GABA agonist 
agents. In two small pilot studies, one study showed improved sleep efficiency and 
sleep time at night with dexmedetomidine [19] and another study also demonstrated 
improved sleep efficiency and stage 2 sleep as well as a modification of sleep 
 pattern, shifting sleep (i.e., more than 75% total sleep time) to evening hours [20]. 
Recently, low-dose nocturnal dexmedetomidine was found to reduce the incidence 
of delirium in the ICU, without having an effect on patient-reported sleep quality 
[21]. Numerous outstanding questions remain in investigating the interplay of sleep, 
circadian rhythm and sedatives in the ICU. Efforts to date have focused on minimiz-
ing administration of these agents whilst mechanistic investigations are ongoing.
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50.4.3.2  Restraint Use
Conditions encountered by a patient in the ICU could resemble those deliberately 
created for experiments of sensory and perceptual deprivation. The use of physical 
restraints deprives patients of a normal sensory interaction with their environment. 
Short-term arm immobilization was shown in healthy volunteers to reduce local 
synaptic activity in sensorimotor areas, suggesting that cortical plasticity may be 
linked to local sleep regulation [22]. A study exploring the impact of physical 
restraints on sleep quantity and quality would help in informing care 
recommendations.

50.4.4  Organ Function

50.4.4.1  Mechanical Ventilation
Sleep disturbances in patients under mechanical ventilation are key; however, the 
interaction between sleep and mechanical ventilation is complex. There is a patho-
physiological link between patient-ventilator interaction and sleep disturbances 
directly or through a necessity for higher doses of sedative drugs. In addition, sleep 
disturbances in and of themselves, and incident delirium, possibly due to a need for 
more sedation may all lead to prolonged weaning course and lengthier durations of 
mechanical ventilation.

Over assistance during pressure-support ventilation (PSV) leads to sleep disrup-
tion. During sleep, ventilatory demand, respiratory drive and inspiratory effort 
decrease. Therefore, it is not uncommon for ventilatory support during PSV to 
become excessive in relatively normal lungs. This results in hyperventilation and 
PaCO2 decreasing below the apnea threshold. Asynchronies, related to a high respi-
ratory drive, such as flow starvation, short cycling, and double triggering might 
theoretically contribute to sleep disturbances and delirium in the context of air hun-
ger necessitating greater sedative exposure [23]. On the other hand, patient- ventilator 
asynchronies are associated with longer duration of mechanical ventilation that 
might be associated, at least in part with disturbances of sleep. Thille et al. recently 
demonstrated that the weaning process was longer in patients who, after failing the 
first spontaneous breathing trial (SBT), had atypical sleep and an absence of REM 
as compared to those exhibiting a normal sleep pattern [24]. Preliminary data from 
a physiological study assessing the relationship between quantity and quality of 
sleep and weaning outcome shows that patients who passed an SBT and were suc-
cessfully extubated had a polysomnography (PSG) trace compatible with being 
more awake (assessed by the odds ratio product [25]) compared to those who failed 
an SBT or passed but were not extubated (Martin Dres, personal communication). 
This complex interaction might be mediated by higher use of sedatives, as described 
by Mehta et al. [26], where patients receiving higher doses of sedatives and opioids 
at night were more likely to fail readiness-to-wean criteria, fail a SBT, or not be 
extubated despite having passed an SBT after clinical assessment. Again, in the 
preliminary data by Dres et al. (personal communication), patients who failed the 
SBT were shown to have had lesser degrees of interhemispheric correlation during 
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sleep. This is consistent with a study of delirious patients (n = 70), where reductions 
in peak, mean, and total amplitude of urinary 6-SMT was associated with inability 
to wean [27]. Although circadian rhythm may influence one’s ability to wean, how 
this effect is mediated through incident delirium or on the weaning process directly 
is unknown.

50.4.4.2  Immune System
Melatonin, in addition to mediating the effects of the photoperiod, also plays an 
important role in the adaptive response of an organism. Experimental studies have 
shown that binding of melatonin to specific receptors in antigen-activated Type 1 
T-helper cells (Th-1) upregulates pro-inflammatory cytokine production as well as 
enhancing phagocytosis and antigen presentation [28]. Animal models have demon-
strated a protective effect of melatonin against lethal viral encephalitis, infectious 
hepatitis, and hemorrhagic or septic shock; it has been shown to inhibit TNF-α, and 
to reduce post-shock levels of IL-6, superoxide production in the aorta, and induc-
ible nitric oxide synthase (iNOS) in the liver preventing endotoxin induced circula-
tory shock [28]. Altered patterns of illumination in the ICU have been found to 
abolish the physiological regulation of melatonin secretion in response to darkness 
and light [29]; this pathway is directly linked to the inflammatory response and pos-
sibly mortality. For a complete review of circadian aspects of the immune response 
see Papaioanno et al. [28].

50.4.4.3  Nutrition
Although guidelines advise that enteral nutrition be initiated within 24–48 h in the 
critically ill patient [30] there is no specific recommendation around the timing of 
nutrition delivery (e.g., daytime hours versus continuous 24-h feeds). Peripheral 
circadian oscillators are sensitive to stimuli associated with food intake, enabling 
animals to uncouple rhythms of behavior and physiology from light-dark cycles 
and instead align them with predictable mealtimes. In our experience, the current 
practice in the ICU is to administer feeds, as tolerated, over a 24-h period with 
multiple interruptions during the day for procedures (e.g., bronchoscopy), medi-
cation administration (e.g., levothyroxine) or radiographic tests. It may be reason-
able to consider the restriction of feeds to daytime hours to assist in the 
re-entrainment of the SCN. The literature is currently primed for a survey of ICU 
practices around the timing of feeds (e.g., daytime, 24-h) as this information may 
help to inform how to best study the impact of nutrition delivery on circadian 
rhythm disruption in the ICU.

50.4.4.4  Delirium and Other Neuropsychological Sequelae
Studies have found a correlation between sleep deprivation and mental status 
changes in the ICU.  Delirium is characterized by inattention, fluctuating mental 
status, disorganized thinking and an altered level of consciousness, findings which 
are also characteristics of sleep deprivation. Sleep disturbances are common in 
delirious patients. While sleep deprivation is regarded as a potentially modifiable 
risk factor for the development of delirium, it is also possible that delirium itself 
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may contribute to experienced sleep disturbances. Studies conducted mainly in car-
diac surgical patients indicate that sleep deprivation can cause [31], be a result of 
[32], or simply lower the threshold for transitioning to delirium. Decreased SWS 
and REM sleep have been hypothesized to contribute to developing delirium. A 
recent study of ICU patients demonstrated an association between delirium and 
severe REM sleep reduction (<6% of total sleep time), however a causal relation-
ship was not clearly established [33]. The association between sleep disturbance 
and delirium remains unclear, but it is possible that their relationship shares a com-
mon pathophysiologic pathway.

There is considerable evidence linking sleep-related breathing disorders and 
poor sleep quality with cognitive impairment in many patient populations. Cognitive 
domains particularly associated with sleep disruption include working memory, 
semantic memory, processing speed, and visuospatial abilities [34]. Experimental 
studies support a number of potential neurobiological mechanisms including accu-
mulation of beta-amyloid pathology, abnormalities of tau, synaptic abnormalities, 
changes in hippocampal long-term potentiation, impaired hippocampal neurogene-
sis, and gene expression changes. Few studies have rigorously evaluated the preva-
lence of sleep disruption after critical illness and its potential role in potentiating 
cognitive impairment. A recent systematic review by Altman and colleagues 
reported on 22 studies examining sleep after hospital discharge in survivors of criti-
cal illness; however, none of these studies reported on cognitive outcomes [35]. 
Despite sleep disturbances improving over time, up to two-thirds (61%) of patients 
reported persistently poor sleep at 6 months follow-up [35]. Analyses of risk factors 
for sleep disturbances have had conflicting results, but persistent sleep disturbances 
were consistently associated with post-discharge psychological comorbidities and 
impaired quality of life.

The risk of developing psychological morbidity after discharge from intensive 
care is as high as 60% [36]; psychological morbidity includes depression, anxiety 
and post-traumatic stress disorder. Numerous follow-up studies have demonstrated 
an association between depressive symptoms and increased levels of fatigue, stress, 
and anxiety in healthy participants subject to sleep restriction. The underlying 
mechanism between sleep, circadian rhythm disruption and depression is not well 
understood; it is theorized that generation of sleep and mental health disorders share 
overlapping neural mechanisms such that defects in these endogenous pathways 
result in pathologies to both behaviors. Sleep and circadian rhythm disruption after 
critical illness may contribute to post-ICU psychological disorders, such as depres-
sion; associated risks may be challenging to understand given the complexities of 
pre-existing comorbid conditions and ICU exposures (e.g., sedation).

50.5  Sleep Measurement in the ICU

Sleep can be measured using a variety of objective and subjective techniques. The 
gold standard for the objective measurement of sleep is laboratory-based PSG. PSG 
is a multi-parametric test that monitors brain activity by EEG, eye muscles 
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(electrooculography), muscle activity or skeletal muscle activation (electromyogra-
phy) and heart rhythm. It is the only method of sleep measurement capable of iden-
tifying individual sleep stages following the R&K rules; these stages are scored 
epoch-by- epoch in accordance with the American Association of Sleep Medicine 
criteria [1]. The application of conventional classification criteria is challenging in 
the ICU as alteration in cerebral metabolism, electrolyte disorders, intoxications, 
and medications influence sleep patterns. Alternative or supplementary criteria for 
PSG scoring have been proposed by Drouot et al. separating EEG recordings into 
states of either pathological wakefulness or atypical sleep. Devised and validated on 
non-sedated patients in the ICU, this method of scoring predicted atypical sleep 
with a sensitivity of 100% and a specificity of 97% [37].

As classical R&K sleep stages are discrete, they are unable to describe the con-
tinuum between wakefulness and sleep. Recently, an automated algorithm named 
odds ratio product was developed that enables continuous measurement of sleep 
state ranging from full wakefulness (2.5) to deep sleep (0) [25]. EEG is assessed by 
rating epochs based on the relative power spectrum of each frequency band (delta, 
theta, alpha-sigma and beta). In a validation dataset of outpatient PSG recordings, 
an odds ratio product <1 predicted sleep and odds ratio product >2 wakefulness, 
with 95% accuracy. Additionally, correlation (r2 = 0.98) was high between the odds 
ratio product and the probability of arousals and awakenings. Formal validation in a 
cohort of ICU patients has yet to be performed.

Bispectral index (BIS), an EEG-derived method for assessing the depth of seda-
tion, mainly used during general anesthesia in the operating room, has been pro-
posed as an alternative means of sleep assessment. Unfortunately, BIS is sensitive 
to technique and its interpretation is difficult. Further, its use for sleep assessment is 
poorly documented. Spectral edge frequency has been evaluated to assess sleep 
states as well as circadian rhythmicity [18], but suffers from inconsistency in select-
ing which epochs to include. In addition, further studies are needed to determine its 
validity in an ICU population.

Actigraphy, which continuously measures an individual’s movement using a wrist-
watch-like device on the wrist or ankle, is another alternative to PSG. The presence of 
movement indicates wakefulness, and its absence indicates sleep. This widely-used 
method has been validated in several populations for measurement of total sleep time 
and sleep fragmentation [38]. Actigraphy has been validated against biochemical 
markers of circadian rhythmicity [39]. A recent systematic review of actigraphy in the 
ICU showed that when compared to PSG, nurse assessment and patient question-
naires, actigraphy tended to consistently overestimate total sleep time and sleep effi-
ciency [40]. When compared to PSG, actigraphy under-reported nocturnal awakenings. 
Overall awakenings were more frequently reported by nurse assessment and patient 
questionnaires compared to actigraphic recordings in the ICU.

The use of subjective measures of sleep assessment, such as patient or nurse 
questionnaires, is simple, easy and relatively inexpensive compared to other objec-
tive measures of sleep. Patients may keep daily sleep diaries or a sleep log. The 
Richards-Campbell Sleep Questionnaire (RCSQ), the Sleep in the Intensive Care 
Unit Questionnaire, and the Verran/Snyder Halpern Sleep Scale have all been tested 

I. Telias and M. E. Wilcox



659

in ICU patient populations [41]. Incident delirium and the frequent use of sedatives 
limit the use of instruments. Further, they typically report only on nighttime sleep, 
whereas sleep in the ICU is distributed over a 24-h period. Nursing assessment 
using the Echols Sleep Behavior Observation Tool, Nurses’ Observation Checklist 
and the RCSQ can be used to estimate sleep [41]. Nursing-derived assessments 
however tend to overestimate total sleep time and sleep efficiency but underestimate 
awakenings when compared to PSG. Subjective assessments of sleep are variably 
reliable and provide no information on experienced sleep stages or circadian rhyth-
micity, limiting their utility in assessing sleep outcomes the ICU.

50.6  Efforts to Improve Sleep in the ICU

A number of studies have evaluated interventions targeting sleep optimization in the 
ICU, including non-pharmacologic sleep bundles, bright light therapy, earplugs, 
pharmacologic therapy, relaxation techniques and differing modes of mechanical 
ventilation, with mixed results. While it is likely that a successful sleep improve-
ment program will need to address both internal and external factors disturbing ICU 
sleep, no single study has strongly proven its efficacy as an intervention (Fig. 50.1). 
The widespread use of an ICU specific sleep protocol would require a substantial 
commitment on the part of the individual center for its implementation. Precipitating 
such a culture change would likely require the demonstration of a substantial out-
come benefit justifying a change to long-held workflow and care provision habits.

50.6.1  Reducing Environmental Impact on Sleep

As the duration, intensity, and wavelength of a light stimulus modulates circadian 
rhythm via the central circadian clock, it makes intuitive sense to try to restore tem-
poral disorganization of circadian pacemakers by modulating light exposure in the 
ICU. A single center randomized interventional study (n = 11) evaluating two dif-
ferent light exposures in postoperative patients with esophageal cancer, showed that 
subjects provided with more intense light had lower incident delirium [42]. Further, 
in a multicenter, prospective study of 523 non-intubated patients, delirium inci-
dence was reduced in those exposed to visible sunlight in their hospital room [43]. 
In contrast, however, a large study of medical ICU patients (n = 3577) exposed to 
differing ambient light levels, with an approximately threefold difference in mean 
light levels due to different room orientations (south facing 399.2 ± 146 lux as com-
pared to east facing rooms 30.6 ± 1.3 lux), there were no associated differences in 
sedative, analgesic or neuroleptic use, suggesting no impact on delirium incidence 
[9]. Conversely, in a small single center prospective study of elderly patients admit-
ted for acute cardiac, respiratory or renal diseases (n = 10), decreases in nocturnal 
lighting thresholds led to progressive resynchronization of circadian rhythm; circa-
dian rhythms were severely altered during the first 24 h but progressively resynchro-
nized by day 5 [44].
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The effects of noise reduction strategies on sleep in the ICU remain controver-
sial. Demoule et al. found that in non-sedated ICU patients, adding earplugs and eye 
masks to standard care reduced anxiety and improved sleep quality, specifically 
reducing long awakenings and increasing the duration of SWS [45]. Beneficial 
effects of noise reduction may be limited to the early stage of ICU admission [43]. 
Limitations of these studies include small sample sizes, lack of standard measures, 
and before-after study design. Well-designed trials of environmental interventions 
with adequate sample sizes are needed.

50.6.2  Pharmacological Considerations

Pharmacological therapy for sleep and circadian rhythm disruption includes a careful 
review of existing pharmacological treatments, including the omission of chronic 
medications that may lead to withdrawal symptomatology. As many of the medica-
tions administered in the ICU have effects on normal sleep physiology, if medica-
tions such as opioids or sedatives cannot be discontinued then their administration 
should be limited to a minimal effective dose. Medications specifically used for acute 
sleep disturbances should be used for short periods with ongoing reassessment of 
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Fig. 50.1 Determinants and physiological consequences of sleep and circadian rhythm disrup-
tions in the intensive care unit (ICU). Interaction between determinants (light blue) and possible 
consequences (light green) of sleep and circadian rhythm disruptions are shown. Interestingly, 
most interactions are bidirectional, meaning that the determinants might predispose the patient to 
such disturbances and be a consequence of them. An intimate relationship between sleep, circadian 
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end-organ dysfunction. Additionally, many patients admitted to the ICU have previous sleep dis-
turbances, which will probably increase the risk of having them in the ICU
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necessity. Further, any medication prescribed for sleep should be accompanied by 
non-pharmacologic interventions (e.g., daytime mobilization and attempts at main-
taining daytime wakefulness). Although medications for acute sleep disturbances 
may increase total sleep time they may not improve sleep quality. As an example, a 
small randomized controlled trial was able to show that patients who received 10 mg 
of oral melatonin as compared to placebo demonstrated improved nocturnal sleep 
efficiency as measured using BIS [46]. Pharmacokinetic analyses suggested that 
10 mg dosing was too high, and that 1–2 mg of melatonin could be used in future 
studies. Studies of melatonin, sleep and delirium are ongoing.

50.6.3  Mechanical Ventilation

Mechanical ventilation represents another important potential cause of sleep disrup-
tion. Reducing patient-ventilator asynchrony by optimizing ventilatory settings has 
been shown to mitigate the impact of mechanical ventilation on sleep [47]. Improved 
sleep efficiency has been achieved either by limiting the amount of ventilatory sup-
port [48, 49] or by altering ventilatory modes (e.g., proportional assist ventilation or 
neutrally-adjusted ventilatory assist modes). Surprisingly, few studies have exam-
ined the effect of time of day on minute ventilation. Recently, difficult to wean tra-
cheostomized patients were reconnected to the ventilator at night to improve sleep 
efficiency [50]. Airway caliber is known to vary in healthy human beings across a 
24-h period. In asthmatics, airflow obstruction tends to worsen in the early morning, 
corresponding to circadian changes in pulmonary function and abundance of 
immune cells in the airway. Little is known about how the molecular clock controls 
lung physiological function and how its disruption might influence respiratory 
mechanics during ventilation or weaning processes.

50.7  Conclusion

There are complex interactions between physiological, behavioral and environmen-
tal factors that contribute to sleep and circadian rhythm disturbances in ICU patients. 
Little is known about the exact mechanisms leading to these disruptions or the 
importance of each factor individually on the experienced sleep disturbance. The 
relationship between sleep, circadian rhythm and outcome after critical illness 
requires further study. Moreover, measurement of sleep quantity and quality is tech-
nically difficult, creating further challenges in delineating relationships. Efforts to 
date have been focused on non-pharmacologic and pharmacological strategies to 
improve sleep, with some promising results; however, for broader implementation a 
change in culture needs to occur. Less attention has been directed towards under-
standing underlying biological mechanisms of disturbed sleep and circadian disrup-
tion. Designing interventions grounded in basic biological principles might prove 
more effective in improving sleep in the ICU. Without strong evidence of benefit to 
facilitate changes in practice, the implementation of sleep-specific improvement 
bundles will be challenging.
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51Social Media in Critical Care: Entering 
an Exciting New Era

J. N. Wilkinson, A. V. K. Wong, and M. L. N. G. Malbrain

51.1  Introduction

The way we communicate and learn has been revolutionized by technology such 
that we are never more than a phone call, message or text away from family, friends 
and colleagues. Mirroring this, social media is beginning to change the way that 
medicine is taught and practiced. It has the power to engage both healthcare profes-
sionals and members of the public with regards to health and policy discussions, 
networking and facilitating access to health information and services. In this chap-
ter, we will discuss the way social media and free open access medical education 
impacts on the way we learn, teach and keep up to date with medicine.

51.2  Social Media and Free Open Access Medical Education

‘Social media’ describes the myriad of cloud- and web-based applications that 
enable people to create and exchange content. The UK’s General Medical Council 
guidance uses the term to include blogs and microblogs (such as Twitter), internet 
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forums (such as doctors.net), content communities (such as YouTube and Flickr), 
and social networking sites (such as Facebook and LinkedIn) [1].

Closely related to social media is the concept or principle of free open access 
medical education, with which online resources are shared freely and openly to the 
wider audience [2]. The free open access medical education community spontane-
ously emerged from the collection of constantly evolving, collaborative and interac-
tive open access medical education resources being distributed on the web. It is 
independent of platform or media and includes blogs, podcasts, tweets, Google 
hangouts, online videos, text documents, photographs, Facebook groups, and a 
whole lot more [3, 4]. Some examples of free open access medical education sites 
are shown in Box 51.1.

There are inherent differences between traditional printed media and those 
resources available on social media. First, the quality of traditional media is medi-
ated by publishers, with peer reviewers selected from a pool of ‘experts’. Publishing 
via this route is expensive and access is limited to those paying the necessary sub-
scription fees (paywalls). Another aspect regularly debated and often objected to, is 
the time taken for information to reach readers.

Box 51.1 List of recommended free open access medical education sites (list is 
not exhaustive and in no specific order)

Site Name Web Address Content
Critical Care 
Northampton

www.
criticalcarenorthampton.
com

Critical care, point-of-care ultrasound and 
anesthesia resources, including regular free 
open access medical education trawl, blogs, 
videos, infographics and podcasts

Critical Care 
Reviews

www.
criticalcarereviews.com

Critical care newsletters, symposia, 
resources and peer reviewing

EMcrit www.emcrit.org Emergency medicine resources, including 
critical care as well as emergency medicine. 
Blogs included.

International 
Fluid Academy

www.fluidacademy.org Critical care resources, includes symposia, 
blogs, podcasts, vodcasts, videos, powerpoint 
slides and free open access medical 
education publications.

Propofology www.propofology.com Critical care and anesthesia infographics, 
resources and podcasts

Life in the Fast 
Lane

www.lifeinthefastlane.
com

Critical care and anesthesia resources 
including regular free open access medical 
education trawl, blog and ‘best of’ sections 
from other sites

The Bottom 
Line

www.thebottomline.org.
uk

Critical care ‘Big Trial’ peer review site and 
resources

Thinking 
Critical Care

www.
thinkingcriticalcare.com

Critical care, point-of-care ultrasound, 
symposia and blogs

RebelEM www.rebelem.com Emergency medicine resources. Includes 
blogs, podcasts and videocasts.

Modified from [14]

J. N. Wilkinson et al.

http://doctors.net
http://www.criticalcarenorthampton.com
http://www.criticalcarenorthampton.com
http://www.criticalcarenorthampton.com
http://www.criticalcarereviews.com
http://www.criticalcarereviews.com
http://www.emcrit.org
http://www.fluidacademy.org
http://www.propofology.com
http://www.lifeinthefastlane.com
http://www.lifeinthefastlane.com
http://www.thebottomline.org.uk
http://www.thebottomline.org.uk
http://www.thinkingcriticalcare.com
http://www.thinkingcriticalcare.com
http://www.rebelem.com


669

Social media on the other hand has many sources (multiple receivers) and differs 
in that the quality of the information is mediated by participants, many of whom 
will not have had training in the peer review process or have no previous scientific 
publication record. It is, however, cheaper or free to publish, providing easy, unlim-
ited access. Publication is immediate, and information is flexible, even after publi-
cation (which can also be seen as a weakness).

In a move supporting the spirit of improving accessibility to new scientific pub-
lication and research, research funders from France, the United Kingdom, the 
Netherlands and eight other European nations have unveiled a radical initiative [4]. 
The 11 agencies, who together spend €7.6 billion in research grants annually, will 
mandate by the year 2020 that the scientists they fund must make resulting papers 
free to read immediately on publication. Currently more than a third of journals 
publish articles behind a paywall limiting their access. The challenge is how to 
adapt to this ever-changing environment, whilst still training the next generation of 
healthcare professionals to deliver the high-quality care expected by society. It is 
also apparent that the general public is becoming increasingly aware of the avail-
ability of this easily accessible information. As their medical practitioners, some 
may expect us to engage with it.

51.3  Assessing Impact

It is very difficult to quantify the impact of social media using the techniques that 
we are familiar with using for traditional learning resources. Twitter attracts a high 
number of ‘followers’ and retweets that are difficult to compare with traditional 
impact factors. However, many web blogs are used to host daily summaries of con-
ferences and have demonstrated, via web analytics, an increase in the visitor traffic 
over the duration of a conference, indicating the presence of a significant audience 
over a longer period of time (even before or after the actual conference) who make 
use of the social media resources.

Similarly, online resources providing peer-reviewed summaries of relevant publi-
cations have steadily gained momentum and readership through re-tweets by readers, 
generating publicity to capture interested readers [5]. Such resources have also been 
used to interview authors of trials, enabling a wide audience to engage in critical dis-
cussion of their results just days (and in some case hours) after publication [6]. This 
may provoke earlier changes in practice than we had previously seen with more tradi-
tional methods of information dissemination. But this carries also a potential danger.

The question therefore arises whether free open access medical education could 
possibly replace peer review? The answer is, perhaps: free open access medical 
education ignores traditional hierarchy, it is free and has equitable access 24/7, it 
crosses professional boundaries, it is multinational, transparent, robust and apoliti-
cal. Due to the increasing use and awareness of free open access medical education, 
measures such as the Social Media Index (SMI) [7] and the so-called Kardashian 
index (KI) [8] have been proposed. The SMI enables assessment of the impact and 
quality of free open access medical education resources, enables educators to 
receive scholarly credit and permits learners to identify respected resources. 
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The KI measures the discrepancy between a scientist’s social media profile and 
publication record, based on the direct comparison of numbers of citations and 
Twitter followers.

Altmetric (https://www.altmetric.com/) also offers a potentially valuable analysis of 
the extent to which any given publication has gained attention on social media beyond 
the classic citations in peer-reviewed journals. It is a system that tracks the attention 
that research outputs such as scholarly articles and datasets receive online. It pulls data 
from social media like Twitter, Facebook, and Google+, and traditional media — both 
mainstream (e.g., The Guardian, New  York Times) and field specific (e.g., New 
Scientist, Bird Watching). Many non-English language titles are covered, blogs (both 
major organizations (e.g., Cancer Research UK) and individual researchers), and 
online reference managers (e.g., Mendeley and CiteULike). While Altmetrics has been 
criticized as a poor surrogate for scientific validity, research quality, and future citation 
potential, such data can highlight publications that are shared via social media or may 
otherwise come to the attention of the public via mainstream media outlets.

In addition to Altmetric, PlumX Metrics (https://plumanalytics.com/) also pro-
vides insight into the ways people interact with individual pieces of research output 
(articles, conference proceedings, book chapters, and much more) in the online 
environment. Examples include when research is mentioned in the news or is 
tweeted about. These PlumX metrics are divided into five categories to help make 
sense of the huge amounts of data involved and to enable analysis by comparing like 
with like: usage, capture, mentions, citations, and social media exposure. As of 
today, there is no scientific publication looking at the correlation between Altmetric 
or PlumXmetric scores against the more traditional citation index or impact factor.

Possible dangers of free open access medical education relate to the reliability and 
correctness of the information provided. Recently, a quality label for medical web-
sites has been launched, the so called HONcode by the Health on the Net foundation 
[9]. Another danger related to social media and free open access medical education 
is reductive education and information: first we read the textbook, then we just read 
the chapter, then just the paper, then just the abstract and now we just read the Tweet.

Not everyone is active on social media and, indeed, opinion on its perceived 
benefits have divided the scientific community. Those who are active on social 
media in medicine can often find themselves immersed in a world governed by like- 
minded individuals and, as a result, can fall securely and often naively into their 
own closed bubble. Ultimately though, it is up to the individual learner as to how 
much they engage with social media at conferences/meetings or during the normal 
working day.

51.4  Keeping Up to Date

The sheer volume of new medical knowledge and publications makes it nearly 
impossible to keep up to date with everything. With the rapid expansion of digital 
media worldwide, it is unsurprising that the medical literature has followed this 
trend.
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An estimated 6000 papers are published every day at present, thus keeping up 
with recent and relevant advances in medicine is an enormous challenge. Social 
media, when used correctly, can be an effective way of optimizing opportunities 
for self-directed learning, holding discussions with other healthcare profession-
als (commonly including the principal authors of landmark studies) and reflect-
ing on newly-acquired knowledge. It is possible to document these learning 
experiences for your personal record and as evidence for appraisals and 
revalidation.

Filtering and compiling relevant articles of interest is clearly more efficient digi-
tally. All social media platforms vary but each has its own mechanism to aid the user 
to search for relevant material. For example, placing a hashtag (#) symbol before an 
item being described allows every Twitter user rapid access to anything associated 
with it (Box 51.2).

51.5  Personal Learning Networks, Remote Learning 
and Early Access

Social media and free open access medical education have the power to facilitate 
global conversations about the latest medical practice and literature. They allow 
anyone to follow conferences remotely (but in real-time), help users develop profes-
sional networks and friendships and can consolidate information with colleagues at 
home and abroad. Following attendees using meeting hashtags on Twitter permits in 
real-time remote access to the meeting, viewed through their interest/opinion 
spectrum.

New and unpublished innovations, upcoming trial ideas and recruitment to stud-
ies are often showcased. Innovative safety ideas and discussions thereon can often 
open doors to new and exciting practices, many promoting patient safety.

Box 51.2 Some relevant online medical education hashtags and their descriptors

Hashtag term Specialty or subject
#FOAMed Anything medical
#FOAMcc Critical care
#FOAMem Emergency medicine
#FOAMim Internal medicine
#FOAMped Pediatrics
#FOAMres Resuscitation
#FOAMsim Simulation
#FOAMtox Toxicology
#FOAMus Ultrasound
#FOANed Nursing
#MedEdFOAM Medical education
#POCUS Point-of-care ultrasound
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51.6  Appraisals, Records and Continuing Medical Education

With many of us now increasingly learning from blogs and podcasts, it is important 
to reference these resources for the purpose of appraisals. The problem is how best 
to record this activity. Some methods include the use of IFTTT or “If This, Then 
That”. This is a web service that aggregates many other web apps into one place and 
can perform actions given a certain set of criteria. All you need to do is create your 
recipe and let it store all of your social media activity on Twitter and Facebook for 
you. Other more specific resources include an online zone for members of the 
Association of Anaesthetists of Great Britain and Ireland (AAGBI) that hosts a 
wealth of educational, learning and continuing professional development (CPD) 
resources [10]. Here you can learn in your own time and keep a record of your com-
pleted CPD for use in appraisals and revalidation.

51.7  Policing, Etiquette and Caution

The Royal College of Anaesthetists (RCOA) in the UK encourages the use of social 
media and in its guidance states that social media use by doctors can benefit patient 
care, enhance learning and strengthen professional relationships [11]. Social media 
can facilitate networking by linking like-minded people through tweets at confer-
ences and meetings, and has enhanced communication between and within trainee 
research groups. As an educational resource, it encourages the use of open access 
journals and time-limited free access to articles in subscribed journals to further 
distribute new information.

Like any tool, there are risks and consequences of using social media. 
Communication and rapid dissemination of new information allows almost instan-
taneous access to the results of new trials, and allows for critical discussion when 
the information is fresh and without any traditional peer review process. Clearly, we 
need to be mindful that any information can be misinterpreted or distorted, espe-
cially when subjected to multiple layers of filtering through the social media chan-
nels (a broken telephone effect) and the unchecked dissemination of distorted 
information (gray evidence). Often, it can take some time to sift the so called, ‘wheat 
from the chaff’ and learn the patterns of ‘the good, the bad and the ugly’.

The General Medical Council UK (GMC) has issued specific guidance relating 
to the use of social media by doctors, stating that “the standards expected of doctors 
do not change because they are communicating through social media rather than 
face to face or through other traditional media” [1]. It must be considered that if one 
is to place a message out into the vapor of social media, it should be done with 
exactly the same degree of caution, candor and humility one would exercise when 
orating it in person from a conference stage to friends, patients and strangers in the 
crowd. Disappearing behind a username should not be an excuse to abuse the privi-
leged of freedom of speech, or indeed the privileged position of a medical 
professional.
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More detailed guidance has been written as a collaborative publication of 
Australasian groups of doctors in training, illustrating the application of profes-
sional standards with examples both fictional and based on previous cases [12]. 
Other guidance has been issued by medical defense/indemnity and professional 
organizations [13].

51.8  Conclusion

There is little doubt about the reach and immense potential that social media and 
free open access medical education have within critical care. They influence how we 
access information and how we spread important messages to millions of like- 
minded clinicians. They may indeed be one of the most effective and efficient plat-
forms for publishers, researchers and clinicians alike. They allow us to rapidly 
disseminate ground-breaking results, new therapies and trial methodologies. Of 
course, the information must be used with due care, as peer review processes are not 
the same as those involved in major journals. One can become influenced by gray 
information, as well as by the biases of others. In our opinion, with due care and 
attention, this is one of the most exciting and promising areas to become involved in 
within critical care.

References

 1. General Medical Council UK. Doctors’ use of social media. 2013. Available at: https://www.
gmc-uk.org/ethical-guidance/ethical-guidance-for-doctors/doctors-use-of-social-media/doc-
tors-use-of-social-media. Accessed 19 Nov 2018.

 2. Nickson C. Life in the Fast Lane: FOAM. 2017. Available at: https://lifeinthefastlane.com/
foam/. Accessed 19 Nov 2018.

 3. Cadogan M, Thoma B, Chan TM, et al. Free open access meducation (FOAM): the rise of 
emergency medicine and critical care blogs and podcasts. Emerg Med J. 2014;31:e76–7.

 4. Holly E.  Radical open-access plan could spell end to journal subscriptions. Nature. 
2018;561:17–8.

 5. The Bottom Line website. Available at: http://www.thebottomline.org.uk. Accessed 19 Nov 
2018.

 6. Bastian H, Glasziou P, Chalmers I. Seventy-five trials and eleven systematic reviews a day: 
how will we ever keep up? PLoS Med. 2010;7:e1000326.

 7. Thoma BS, Lin JL, Paterson M, et al. The social media index: measuring the impact of emer-
gency medicine and critical care websites. West J Emerg Med. 2015;16:242–9.

 8. Hall N.  The Kardashian index: a measure of discrepant social media profile for scientists. 
Genome Biol. 2014;15:424.

 9. Health on the Net Foundation Code of Conduct. Available at: https://www.healthonnet.org/
HONcode/Conduct.html. Accessed 19 Nov 2018.

 10. Association of anaesthetists of great britain and ireland: lifelong learning in anaesthesia. 
Available at: https://learnataagbi.org. Accessed 19 Nov 2018.

 11. Royal College of Anaesthetists UK: What to expect from the RCoA on Social Media. 
Available at: https://www.rcoa.ac.uk/system/files/Guidelines-WhatExpect.pdf. Accessed 
19 Nov 2018.

51 Social Media in Critical Care: Entering an Exciting New Era

https://www.gmc-uk.org/ethical-guidance/ethical-guidance-for-doctors/doctors-use-of-social-media/doctors-use-of-social-media
https://www.gmc-uk.org/ethical-guidance/ethical-guidance-for-doctors/doctors-use-of-social-media/doctors-use-of-social-media
https://www.gmc-uk.org/ethical-guidance/ethical-guidance-for-doctors/doctors-use-of-social-media/doctors-use-of-social-media
https://lifeinthefastlane.com/foam/
https://lifeinthefastlane.com/foam/
http://www.thebottomline.org.uk
https://www.healthonnet.org/HONcode/Conduct.html
https://www.healthonnet.org/HONcode/Conduct.html
https://learnataagbi.org
https://www.rcoa.ac.uk/system/files/Guidelines-WhatExpect.pdf


674

 12. Australian Medical Association Council of Doctors-in-Training, the New Zealand Medical 
Association Doctors-in-Training Council, the New Zealand Medical Students’ Association 
and the Australian Medical Students’ Association. Social media and the medical profes-
sion. A guide to online professionalism for medical practitioners and medical students. 2010. 
Available at. http://www.amawa.com.au/wp-content/uploads/2013/03/Social-Media-and-the-
Medical-Profession_FINAL-with-links.pdf. Accessed 19 Nov 2018.

 13. Medical Defence Union. Guide to social media. 2017. Available at https://www.themdu.com/
guidance-and-advice/guides/consultant-pack/guide-to-social-media. Accessed 19 Nov 2018.

 14. Nickson CP.  Free open-access medical education and critical care. ICU Management and 
Practice. 2017. Available at https://healthmanagement.org/c/icu/issuearticle/free-open-access-
medical-education-foam-and-critical-care. Accessed August 2018.

J. N. Wilkinson et al.

http://www.amawa.com.au/wp-content/uploads/2013/03/Social-Media-and-the-Medical-Profession_FINAL-with-links.pdf
http://www.amawa.com.au/wp-content/uploads/2013/03/Social-Media-and-the-Medical-Profession_FINAL-with-links.pdf
https://www.themdu.com/guidance-and-advice/guides/consultant-pack/guide-to-social-media
https://www.themdu.com/guidance-and-advice/guides/consultant-pack/guide-to-social-media
https://healthmanagement.org/c/icu/issuearticle/free-open-access-medical-education-foam-and-critical-care
https://healthmanagement.org/c/icu/issuearticle/free-open-access-medical-education-foam-and-critical-care


675© Springer Nature Switzerland AG 2019
J.-L. Vincent (ed.), Annual Update in Intensive Care and Emergency  
Medicine 2019, Annual Update in Intensive Care and Emergency Medicine,  
https://doi.org/10.1007/978-3-030-06067-1

A
Abdominal pressure, 72
Acinetobacter baumanii, 464
Actigraphy, 658
Acute care for elders unit, 619
Acute coronary syndrome, 168
Acute kidney injury (AKI), 303, 313, 327, 

339, 355, 365, 400
Acute myocardial infarction, 306
Acute Physiology and Chronic Health 

Evaluation II (APACHE II), 17
Acute respiratory distress syndrome (ARDS), 

47, 59, 71, 87, 101, 108, 306
Acute respiratory failure, 31, 47, 87, 413
Adaptive immune response, 452
Advanced cardiac life support, 113
Aging, 611
Agitation, 642
Airway pressure release ventilation  

(APRV), 60, 67, 91
Albumin, 268, 278, 280, 282, 285, 314
Albumin administration, 289
Algorithm, 15, 643
Altmetric, 670
Alveolar macrophages, 451
Alzheimer’s disease, 427
Anaerobic metabolism, 199
Analgesia, 641
Anemia, 575
Anemia of inflammation, 585
Anesthesia, 498
Anesthetic reflection, 628
Antibiotic, 401, 460, 477
Antibiotic dosing, 497
Antibiotic resistance, 460
Antibiotic therapy, 497

Antimicrobial resistance, 477
Antimicrobial stewardship, 509
Antioxidant, 538
Antioxidant effects, 190
Antioxidant system, 540
Antiviral therapy, 449
Arterial elastance, 156
Artificial intelligence, 16, 24
Ascites, 285
Ascorbic acid, 542
Atelectasis, 71
Atelectrauma, 48, 59, 73
Autoregulation, 408
Auto-resuscitation, 262
Avibactam, 483, 485
Aztreonam, 483

B
Baby lung, 60
Balanced crystalloids, 289
Barotrauma, 48
Beers Criteria, 618
Benign prostatic enlargement, 293
β-lactamase, 464
Bicarbonate (HCO3-), 101
Biofilms, 460
Biomarkers, 5, 515, 528
Bipolar resection, 298
Bispectral index, 658
Blood–brain barrier (BBB), 400
Blood purification, 561
Body mass index (BMI), 72
Bone morphogenetic protein, 589
Brain–computer interface (BCI), 441
Brain injury, 287

Index



676

C
Capillary leak, 341
Capillary permeability, 280, 287
Capnodynamic method, 218
Carbon dioxide (CO2), 101, 102
Carbon dioxide (CO2) kinetics, 215
Carbon dioxide (CO2) removal rate, 107
Cardiac arrest, 52, 113, 125, 412
Cardiac output, 140, 216
Cardiac surgery, 306
Cardiac troponin, 5
Cardiogenic shock, 167
Cardiopulmonary dysfunction, 580
Cefiderocol, 487
Ceftaroline, 483, 485
Ceftazidime/avibactam, 482
Ceftobiprole, 484
Ceftolozane/tazobactam, 477
Central venous oxygen saturation (ScvO2), 

231, 250, 548
Central venous pressure (CVP), 303, 548
Centrifugal pumps, 102, 103
Cerebral blood flow, 411
Cerebral edema, 300
Cerebral perfusion pressure (CPP), 407
Chemotherapy, 33
Chimeric antigen receptor-T cell therapy, 36
Chronic kidney disease (CKD), 399
Chronic obstructive lung disease (COPD), 108
Circadian rhythms, 652
Circulatory shock, 279
Clotting, 107
Cognitive decline, 399
Cognitive dysfunction, 579
Cognitive function, 614
Cognitive motor dissociation, 431
Colloid, 259, 272, 299, 314, 317
Colloid osmotic pressure, 268, 290
Communication, 441
Community-acquired pneumonia (CAP), 459, 

484
Confusion, 294
Confusion assessment method for the  

ICU, 398
Congestive heart failure, 140
Continuous renal replacement therapy 

(CRRT), 372, 383
Contrast-enhanced ultrasonography  

(CEUS), 341
Cori cycle, 201
Cost-analysis, 97
Cost-effectiveness, 242

Coupled plasma filtration adsorption  
(CPFA), 377

C-reactive protein (CRP), 515
Creatine, 328
Creatinine, 327
Critical illness neuropathy, 614
Cross-presentation, 451
Crystalloids, 259, 272, 287, 317, 357
Cystatin C, 330
Cytoarchitecture, 297
Cytopathic hypoxia, 539

D
Damage-associated molecular patterns, 560
Database, 11
Decision trees, 18
Delirium, 397, 412, 611, 615, 642, 651
Dementia, 401
Dendritic cells, 451
Desflurane, 632
Dexmedetomidine, 361, 644
Dextran, 281
Diaphragmatic force, 73
Diastolic dysfunction, 139
Difficult intubation, 72
Diffuse alveolar damage, 60
Driving pressure, 79
Dysoxia, 279
Dyspnea, 140

E
Early discharge, 618
Early goal-directed therapy (EGDT), 231
Early mobilization, 617
Echocardiography, 141, 171, 249, 319
Edema, 259
Effective circulating volume, 278
Efficacy, 289
Electrical impedance tomography (EIT), 224
Electric cell-substrate impedance sensing 

(ECIS), 530
Electrocutting, 300
Electronic health record (EHR), 15
Electronic scale, 298
Electron transport chain, 538
Emergency department, 47
End-expiratory lung volume, 215
End-of-life, 617
Endothelial cell, 530
Endothelial dysfunction, 414

Index



677

Endothelial permeability, 264
Endothelium, 264, 280, 281
Endotypes, 523
End-stage kidney disease (ESKD), 185
End-systolic elastance (Ees), 155
Eravacycline, 488
Erythropoiesis, 573
Erythropoietin, 586
Esophageal pressure, 79
Ethanol monitoring, 298
Extended-spectrum β-lactamase, 467, 477
Extracorporeal carbon dioxide removal 

(ECCO2R), 81, 88, 101, 108
Extracorporeal cardiopulmonary  

resuscitation, 178
Extracorporeal membrane oxygenation 

(ECMO), 65, 80, 87, 102, 178, 413

F
Family meetings, 617
Ferritin, 575, 586
Ferroportin, 576
Fever, 126
Fever control, 127
Flow cytometry, 530
Fluid absorption, 294
Fluid administration, 313
Fluid balance, 305, 357
Fluid challenge, 318
Fluid loading, 303
Fluid overload, 314, 357, 547
Fluid responsiveness, 318
Fluid resuscitation, 282, 286, 287, 303, 547
Fluid therapy, 277
Frailty, 33, 614
Free open access medical education, 667
Fresh frozen plasma, 269
Functional iron deficiency, 573
Functional recovery after critical illness, 575, 

616
Functional residual capacity, 71, 223
Functional status, 614
Furosemide, 299

G
Gelatins, 281
Geriatrics, 619
Geriatric syndromes, 613
Glomerular filtration rate (GFR), 328
Glycine, 293

Glycocalyx, 260, 280, 281, 551
Gram-negative pathogens, 483

H
Healthcare costs, 17
Health-related quality of life  

(HRQoL), 603, 614
Hearing impairment, 616
Heart transplantation, 178
Hematologic malignancy, 31
Hemoadsorption, 561
Hemodynamic management, 277
Hemodynamic monitoring, 160, 170, 239, 247
Hemodynamic optimization, 240, 247
Hemolytic uremic syndrome (HUS), 348
Hemorrhagic shock, 192
Hepcidin, 573, 581, 586
Heterogeneity, 15
Hibernation, 539
High cut-off (HCO) membranes, 372
High-flow nasal cannula (HFNC), 39
High-frequency oscillatory ventilation 

(HFOV), 64, 90
High mobility group box 1 protein, 427
Hydraulic conductivity, 263
Hydrogen sulfide (H2S), 183
Hydroxyethyl starch, 273, 277, 281
Hyperammonemia, 295
Hyperchloremia, 317, 357
Hypertension, 299
Hypertonic saline, 299
Hypoactive delirium, 615
Hypoalbuminemia, 285, 286
Hyponatremia, 295
Hypo-osmolality, 295
Hypoperfusion, 547
Hypothermia, 125
Hypovolemia, 278, 296, 313, 357
Hypovolemic shock, 279
Hypoxemia, 88
Hypoxia, 185

I
ICU triage, 612
Ideal body weight, 77
Illness severity scores, 604
Immune checkpoint inhibitors (ICIs), 35
Immune response, 524
Inducible NOS, 541
Infection, 497, 581

Index



678

Inflammation, 281
Influenza virus, 450
Inhaled sedation, 627
In-hospital cardiac arrests, 113
Innate immune response, 450
Inotropic agents, 160
Intensive care delirium screening  

checklist, 398
Interferons, 450
Interstitial oncotic pressure, 281
Intra-aortic balloon pump (IABP), 175
Intracranial pressure (ICP), 407
Intravenous fluid infusion, 266
Iron, 573, 586
Iron deficiency, 573, 586
Iron metabolism, 573, 575
Ischemia/reperfusion injury, 190, 195, 593
Isoflurane, 632

K
Kardashian index, 669
Ketanserin, 542
Klebsiella pneumoniae, 466
Krebs cycle, 200

L
Lactic acidosis, 199
Lactoferrin, 575
Lefamulin, 490
Leukemia, 33
Lipopolysaccharide (LPS), 195, 343, 539
Liver cirrhosis, 285
Locked-in states, 434
Long-term potentiation, 427
Low-protein environment, 268
Low tidal volume ventilation, 47, 90
Lung injury, 195
Lung mechanics, 193
Lung protective ventilation, 47, 90
Lung transplantation, 102
Lyophilized and spray-dried plasma, 270

M
Machine learning, 16, 18, 21
Mannitol, 293
Massive blood transfusions, 271
Mass spectrometry, 528
Matrix metalloproteinase (MMP), 268
Mechanical circulatory support, 168
Mechanical ventilation, 31, 48, 59, 81, 96, 

149, 627, 643, 655, 661

Medical education blogs, 668
Medication review, 619
Melatonin, 542, 656
Membrane lungs, 102
Menstruating women, 297
Meropenem/vaborbactam, 487
Metabolic acidosis, 387
Metabolic alkalosis, 387
Metabolomics, 528
Methicillin-resistant Staphylococcus aureus 

(MRSA), 483
Microbubbles, 341
Microcirculation, 279, 339
Microglia, 427
Minimally conscious state, 436
Misdiagnosis, 73
Mitochondrial biogenesis, 540
Mitochondrial dysfunction, 537
Mitochondrial oxidation, 202
Mitochondrial respiration, 184, 195
Mitochondrial transplantation, 543
Mixed venous oxygen saturation (SvO2),  

231
Modified Early Warning Score, 20
Morbidity, 603
Mortality, 73
Multidrug resistance, 459, 477, 497, 509
Multimodal analgesia, 644
Multimodal sedation, 644
Multiple organ failure (MOF), 537
Murepavadin, 491
Muscle wasting, 599
Myocardial depression, 170
Myocardial oxygen consumption  

(MVO2), 157

N
National Early Warning Score, 20
Natriuresis, 296
Neuroinflammation, 426
Neurological outcomes, 125
Neuromuscular blockers, 79
Neuromuscular dysfunction, 580
Neutrophil response, 453
Nitric oxide (NO), 541, 550
Nitric oxide synthase, 541
Nitric oxide synthase inhibitors, 542
No absorption rule, 262
Noise, 654
Non-invasive ventilation, 39, 499
Non-transferrin bound iron, 574, 590
Normal saline, 282
Normothermia, 126, 265

Index



679

Nosocomial infection, 581
Nosocomial pneumonia, 465
Nuclear magnetic resonance (NMR)  

spectroscopy, 528
Nutrition, 656

O
Obesity, 71
Oldest old, 611
Oliguria, 356
Omadacycline, 488
Oncologic, 31
Open lung concept, 59
Operating conditions, 103
Optic nerve, 409
Optic nerve sheath diameter, 412
Organ perfusion, 199
Out-of-hospital cardiac arrest (OHCA), 125
Oxidative phosphorylation, 538
Oxidative stress, 191, 537, 541, 550, 574
Oxygenator, 102
Oxygen consumption, 202
Oxygen delivery, 279
Oxygen demand, 202
Oxygen extraction, 232
Oxygen-sensing, 185

P
Pain, 642
Pan-drug resistance, 459
Pathogen-associated molecular  

patterns, 560
PCO2 gap, 236
Pediatric, 133, 599
Peroxidation, 541
Peroxynitrite, 541
Personalization, 15
Personalized medicine, 4
Personhood, 443
Perturbational complexity index, 437
Pharmacodynamics, 513
Pharmacokinetics, 497, 513
Plasma oncotic pressure, 280
Plasma sodium, 297
Plateau pressure, 78
Platelets, 272
Plazomicin, 489
Pleiotropic functions of albumin, 281
PlumX Metrics, 670
Pneumocystis jirovecii, 34
Pneumonia, 459
Podcasts, 668

Point-of-care, 199
Polymyxin B, 561
Post-ICU outcomes, 620
Positive end-expiratory pressure (PEEP), 59, 

77, 414
Post-intensive care syndrome, 599
Postoperative cognitive decline, 423
Postoperative complications, 239
Postoperative delirium, 423
Postoperative morbidity, 243
Precision delivery, 15
Precision diagnostics, 3
Precision medicine, 3, 32
Pre-conditioning, 73
Prediction, 5
Preeclampsia, 414
Prehabilitation, 427
Priming volume, 104, 105
Procalcitonin (PCT), 39, 515
Prognosis, 5, 73
Prognostication, 443
Pro-inflammatory cytokines, 426, 540, 560
Prolonged weaning, 150
Prone positioning, 62, 80
Prothrombin complex concentrate  

(PCC), 270
Pseudomonas aeruginosa, 460, 481
Pulmonary artery catheter (PAC), 172, 247
Pulmonary blood flow, 215
Pulmonary edema, 294
Pulse contour analysis, 249
Pulsed wave Doppler, 142
Pulseless electrical activity (PEA), 132
Pulse pressure variation (PPV), 318
Pyruvate, 200

Q
Quality of life, 73

R
Rapid response system, 119
Reactive nitrogen species (RNS), 540
Reactive oxygen species (ROS), 191,  

538, 539
Recombinant human albumin, 289
Recruitment maneuvers, 59
Red blood cell transfusion, 172
Regional citrate anticoagulation  

(RCA), 378, 383
Relebactam, 486
Remote ischemic preconditioning, 359
Renal blood flow, 314, 340

Index



680

Renal microcirculation, 339
Renal perfusion pressure, 304
Renal replacement therapy, 314, 365, 383
Renal resistive index, 341
Respiratory acidosis, 55
Respiratory drive, 102
Respiratory tract infections, 481
Reverse Trendelenburg, 76
Revised Starling principle, 261
Risk prediction, 15
Risk prediction models, 20
Risk stratification, 17
Roller pumps, 102, 103
Rotaflow pump, 104
Rotary blood pumps, 103

S
Safety, 289
Sedation, 627, 641
Sepsis, 160, 267, 280, 287, 304, 365, 507, 523, 

537, 547, 559, 582, 590
Sepsis-induced AKI, 339
Septic encephalopathy, 411
Septic shock, 160, 231, 289, 304, 339, 369
Sequential organ failure assessment, 17
Shock, 167, 183, 199, 279
Shock team, 179
Skeletal muscle wasting, 330
Sleep, 651
Sleep architecture, 654
Sleep disruption, 648
Sleep quality, 641
Sleep-wake cycle, 652
Smoking, 298
S-nitrosylation or tyrosine nitration, 541
Social media, 667
Social media index, 669
Sodium thiosulfate, 183, 195
Solid tumors, 33
Somatosensory evoked potentials, 437
Sorbitol, 293
Sphingosine 1-phosphate (S1P), 268
Spinal anesthesia, 297
Spontaneous bacterial peritonitis, 285
Spontaneous breathing trial, 150
Standardization, 5, 9
Starling model, 280, 281
Statins, 360
Stenotrophomonas maltophilia, 468
Strain, 61
Sub-glycocalyx space, 262

Survival, 125
Sweep gas, 108
Synaptic plasticity, 427
Syndecan-1, 261
Synthetic plasma expanders, 282
Systemic inflammatory response syndrome 

(SIRS), 538

T
Target-controlled infusion (TCI), 498
Targeted temperature management  

(TTM), 125
Tedizolid, 485
Therapeutic drug monitoring  

(TDM), 484, 501
Thrombotic thrombocytopenic purpura  

(TTP), 348
Tissue Doppler imaging (TDI), 142
Tissue hypoxia, 202
Tissue perfusion, 548
Transcervical resection of the endometrium 

(TCRE), 294
Transcranial Doppler (TCD), 407
Transcriptome, 526
Transferrin, 575, 586, 589
Transfusion, 575, 588
Transfusion reactions, 271
Transpulmonary pressure, 61, 78
Transpulmonary thermodilution, 172, 249
Transthoracic echocardiography (TTE), 149
Transthoracic pressure, 78
Transurethral (TUR) syndrome, 293
Traumatic brain injury (TBI), 53, 269
Tumor lysis syndrome, 36
Tweets, 668

U
Unresponsive wakefulness syndrome, 436
Urea, 327, 330

V
Vaborbactam, 487
Vascular calcification, 190
Vasoconstriction, 266
Vasodilation, 266
Vasopressin, 171
Venovenous extracorporeal membrane 

oxygenation (VV-ECMO), 65, 80, 87, 88, 
101

Index



681

Ventilator-induced lung injury (VILI), 47, 59, 
90, 224

Ventricular fibrillation (VF), 125
Viral replication, 451
Vision impairment, 616
Visual disturbance, 295
Volatile anesthetics, 627
Volumetric capnography, 217

Volumetric fluid balance, 298
Volutrauma, 48

W
Weaning, 655
Withdrawal of life-sustaining  

therapies, 443, 613

Index



682    


	Contents
	Abbreviations
	Part I: Precision Medicine
	1: Precision Medicine in the Intensive Care Unit: Identifying Opportunities and Overcoming Barriers
	1.1	 Introduction
	1.2	 Definitions
	1.3	 Diagnosis
	1.4	 Treatment
	1.5	 Potential Conflicts/Weaknesses
	1.6	 Pharmacokinetics
	1.7	 Data Collection and Analysis
	1.8	 The Future
	1.9	 Conclusion
	References

	2: Precision Delivery in Critical Care: Balancing Prediction and Personalization
	2.1	 Introduction
	2.2	 A Changing Landscape: The Fourth Industrial Revolution
	2.3	 Precision Delivery in Healthcare
	2.4	 Critical Care: A Risk-Based Specialty
	2.5	 Novel Capabilities with Improved Data and Computation
	2.6	 Current Risk Prediction Applications in Critical Care
	2.7	 Heterogeneity: The Hallmark of Severe and Critical Illness
	2.8	 Unsupervised Machine Learning Approaches and Personalization
	2.9	 Considerations: Assessing the Value of Increasing Model Performance
	2.10	 Considerations: Moving Beyond Clinical Data
	2.11	 Considerations: Risk Prediction Model Fatigue
	2.12	 Considerations: Workforce Development and Artificial Intelligence
	2.13	 Conclusion
	References


	Part II: Acute Respiratory Failure and ARDS
	3: Acute Respiratory Failure in the Oncologic Patient: New Era, New Issues
	3.1	 Introduction
	3.2	 The Evolution of Oncologic Critical Care over Time
	3.3	 Differences Between Oncologic and Non-oncologic Patients
	3.4	 Causes of Acute Respiratory Failure in Oncologic Patients
	3.4.1	 Infectious
	3.4.2	 Non-infectious: Disease-Related
	3.4.3	 Non-infectious: Treatment-Related
	3.4.3.1	 Non-infectious: Treatment-Related—Novel Treatments
	3.4.3.2	 Non-infectious: Treatment-Related—Tumor Lysis Syndrome
	3.4.3.3	 Non-infectious: Treatment-Related—Radiation
	3.4.3.4	 Non-infectious: Treatment-Related—Immune Reconstitution


	3.5	 Diagnostic Work-Up and Undiagnosed Acute Respiratory Failure
	3.6	 Management
	3.6.1	 Supportive Care During Early Acute Hypoxemic Respiratory Failure
	3.6.2	 Supportive Care During ARDS

	3.7	 Prognosis and Future Research Considerations
	3.8	 Conclusion
	References

	4: Universal Low Tidal Volume: Early Initiation of Low Tidal Volume Ventilation in Patients with and without ARDS
	4.1	 Introduction
	4.2	 Timing of Low Tidal Ventilation in ARDS and in Non-ARDS
	4.3	 Review and Update of Evidence in the Operating Room
	4.4	 Acute Respiratory Failure in the Emergency Department
	4.5	 Therapeutic Momentum: From the ED to the ICU
	4.6	 Lung Protective Ventilation After Cardiac Arrest
	4.7	 Lung Protective Ventilation in Patients with Increased Intracranial Pressure or Traumatic Brain Injury
	4.8	 Perceived Barriers to Low Tidal Volume Ventilation in ARDS and Non-ARDS
	4.9	 Under-Recognition of ARDS and Reluctance to Use Low Tidal Volume Ventilation in At-Risk Patients with Acute Respiratory Failure
	4.10	 Calculation of Predicted Body Weight
	4.11	 Concern About Sedation
	4.12	 Concern About Respiratory Acidosis
	4.13	 Conclusion
	References

	5: Recruitment Maneuvers and Higher PEEP, the So-Called Open Lung Concept, in Patients with ARDS
	5.1	 Introduction
	5.2	 The Pathophysiology of ARDS and VILI
	5.3	 The Open Lung Concept
	5.3.1	 The Open Lung Concept in Mild to Moderate ARDS
	5.3.2	 The Open Lung Concept in Severe ARDS

	5.4	 Slow Recruitment with Airway Pressure Release Ventilation
	5.5	 Conclusion
	References

	6: ARDS in Obese Patients: Specificities and Management
	6.1	 Introduction
	6.2	 Epidemiology and Pathophysiology
	6.2.1	 Obesity and Risk of ARDS
	6.2.2	 Prognosis of Obese Patients with ARDS

	6.3	 Ventilator Support
	6.3.1	 Positioning
	6.3.2	 Ventilator Settings
	6.3.3	 Driving, Transpulmonary and Transthoracic Pressures
	6.3.4	 Neuromuscular Blockers
	6.3.5	 Adjuvant Therapies
	6.3.5.1	 Prone Position
	6.3.5.2	 Extracorporeal Membrane Oxygenation
	6.3.5.3	 Extracorporeal Carbon Dioxide Removal


	6.4	 Research Agenda
	6.5	 Conclusion
	References


	Part III: Extracorporeal Respiratory Support
	7: ECMO After EOLIA: The Evolving Role of Extracorporeal Support in ARDS
	7.1	 Introduction
	7.2	 Background
	7.3	 Resurgence of ECMO and the Need for More Data
	7.4	 Lung-Protective Ventilation
	7.5	 ECMO to rescue Lung Injury in severe ARDS (EOLIA) Trial
	7.6	 Lessons Learned from EOLIA
	7.7	 Future Directions and Areas of Uncertainty
	7.7.1	 Optimal Ventilatory Parameters During ECMO
	7.7.2	 The Economics of ECMO

	7.8	 Conclusion
	References

	8: Physiological and Technical Considerations of Extracorporeal CO2 Removal
	8.1	 Introduction
	8.2	 Physiology of Carbon Dioxide (CO2)
	8.3	 Control of Respiratory Drive
	8.4	 ECCO2R Systems and Cannulas
	8.5	 Pump Technology
	8.6	 Membrane Lung Technology
	8.7	 Blood Flow Rates and Treatment Goals
	8.8	 Which CO2 Removal Capacity Is Appropriate?
	8.9	 Conclusion
	References


	Part IV: Cardiac Arrest
	9: Cardiac Arrest in the Intensive Care Unit
	9.1	 Introduction
	9.2	 Definition of ICU Cardiac Arrest
	9.3	 Incidence
	9.4	 Etiology and Primary Rhythm
	9.5	 Outcome
	9.6	 Factors Associated with Outcome and Outcome Prediction
	9.7	 Cost of ICU Cardiac Arrest
	9.8	 Prevention of ICU Cardiac Arrests
	9.9	 Future Research
	9.10	 Conclusion
	References

	10: Targeted Temperature Management After Cardiac Arrest: Where Are We Now?
	10.1	 Introduction
	10.2	 The Targeted Temperature Management Trial and Its Impact on Clinical Practice
	10.3	 Clinical Practice Before the TTM Study
	10.4	 Changes in Practice Since the TTM Study
	10.5	 Pre-hospital TTM
	10.6	 TTM After In-hospital Cardiac Arrest
	10.7	 Duration of TTM
	10.8	 TTM After Cardiac Arrest in Children
	10.9	 Ongoing Studies
	10.10	 Conclusion
	References


	Part V: Cardiac Function
	11: Left Diastolic Function in Critically Ill Mechanically Ventilated Patients
	11.1	 Introduction
	11.2	 Definitions and Pathophysiology
	11.3	 Echocardiographic Diagnosis
	11.3.1	 Basic Concept
	11.3.2	 Left Diastolic Dysfunction

	11.4	 Left Diastolic Dysfunction in the ICU
	11.5	 Left Diastolic Dysfunction in Mechanically Ventilated and ARDS Patients
	11.6	 Prognostic Significance
	11.7	 Conclusion
	References

	12: The Effects of Disease and Treatments on Ventriculo-Arterial Coupling: Implications for Long-term Care
	12.1	 Introduction: Physiology of the Relationship Between the Left Ventricle and the Arterial Vasculature
	12.2	 Measuring Ventriculo-Arterial Coupling
	12.3	 Measuring Right Ventricular Ventriculo-Arterial Coupling
	12.4	 Ventriculo-Arterial Coupling in Critical Care
	12.5	 Disease and Treatment Influence on Ventriculo-Arterial Coupling
	12.6	 Conclusion
	References


	Part VI: Shock
	13: Mechanical Circulatory Support Devices for Cardiogenic Shock: State of the Art
	13.1	 Introduction
	13.2	 Management of Cardiogenic Shock
	13.2.1	 Hemodynamic Support
	13.2.1.1	 Step 1: Initial Assessment (Salvage Phase)
	13.2.1.2	 Step 2: Optimization and Stabilization
	13.2.1.3	 Step 3: Titrating Therapies

	13.2.2	 Specific Management According to the Etiology of the Cardiogenic Shock
	13.2.3	 Mechanical Circulatory Support
	13.2.3.1	 Intra-aortic Balloon Pump
	13.2.3.2	 TandemHeart
	13.2.3.3	 Impella
	13.2.3.4	 Right Ventricular Support
	13.2.3.5	 VA-ECMO


	13.3	 Role of a Cardiogenic Shock Team
	13.4	 Conclusion: The Future
	References

	14: Sodium Thiosulfate: A New Player for Circulatory Shock and Ischemia/Reperfusion Injury?
	14.1	 Introduction
	14.2	 Sodium Thiosulfate Dose-Dependently Affects Mitochondrial Respiration In Vitro
	14.3	 Sodium Thiosulfate Exerts Beneficial Effects in Chronic Renal Dysfunction
	14.4	 Sodium Thiosulfate Exerts Beneficial Effects in Acute Models of Ischemia/Reperfusion Injury
	14.5	 Sodium Thiosulfate Improves Lung Function in a Porcine Model of Hemorrhagic Shock
	14.6	 Conclusion
	References

	15: Lactate in Critically Ill Patients: At the Crossroads Between Perfusion and Metabolism
	15.1	 Introduction: Lactate in Shock
	15.2	 Lactate Metabolism
	15.2.1	 Synthesis
	15.2.2	 Metabolism

	15.3	 Lactate in Septic Shock
	15.4	 Lactate and Organ Metabolism in Sepsis
	15.5	 Non Hypoperfusion-Related Causes of Hyperlactatemia: Type B Hyperlactatemia
	15.6	 The Prognostic Value of Lactate in ICU Patients
	15.7	 Lactate as a Target for Resuscitation
	15.8	 Implications for Clinicians
	15.9	 Conclusion
	References


	Part VII: Hemodynamic and Respiratory Monitoring
	16: Continuous Non-invasive Monitoring of Cardiac Output and Lung Volume Based on CO2 Kinetics
	16.1	 Introduction
	16.2	 Carbon Dioxide Kinetics
	16.3	 Antecedents of CO2-Based Cardiac Output Methods
	16.4	 The Capnodynamic Method
	16.5	 Capnodynamic Monitoring of Effective Pulmonary Blood Flow
	16.5.1	 CO2-Based Methods
	16.5.2	 The Capnodynamic Method

	16.6	 Capnodynamic Monitoring of End-Expiratory Lung Volume
	16.6.1	 CO2-Based EELV
	16.6.2	 Capnodynamic EELV

	16.7	 Conclusion
	References

	17: Should We Abandon Measuring SvO2 or ScvO2 in Patients with Sepsis?
	17.1	 Introduction
	17.2	 Physiological Determinants and Clinical Interpretation of SvO2
	17.3	 Interpretation of ScvO2
	17.4	 Usefulness of ScvO2 in Sepsis: A Debatable Issue
	17.5	 Clinical Use of ScvO2 and SvO2
	17.6	 Conclusion
	References

	18: Perioperative Hemodynamic Monitoring: MERCI to Predict Economic Impact
	18.1	 Introduction
	18.2	 Cost of Postoperative Complications
	18.3	 Cost of Hemodynamic Monitoring Systems
	18.4	 Can We Estimate what Investment Is Justified?
	18.5	 Economic Impact in Real Life
	18.6	 Hospital Savings Versus Profits
	18.7	 Conclusion
	References

	19: The Pulmonary Artery Catheter in the Management of the High-Risk Surgical Patient
	19.1	 Introduction
	19.2	 PAC Monitoring in the High-Risk Surgical Patient: The history
	19.3	 What Is the Difference Between Other Monitoring Modalities and the PAC?
	19.4	 Is There Any Evidence to Support Use of a PAC Instead of (or in Addition to) Alternative Monitoring Modalities in High-Risk Surgical Patients?
	19.5	 Limitations and Risks
	19.6	 Perspectives
	19.7	 Conclusion
	References


	Part VIII: Fluid Issues
	20: Resuscitation Fluid Choices to Preserve the Endothelial Glycocalyx
	20.1	 Introduction
	20.2	 The Endothelial Glycocalyx
	20.3	 Role in Regulating Vascular Permeability: The Revised Starling Principle
	20.3.1	 No Absorption in the Steady State
	20.3.2	 The Sub-glycocalyx Space
	20.3.3	 The Endothelial Glycocalyx Is a Determinant of Hydraulic Conductivity
	20.3.4	 The Modified Starling Model Is Non-linear at Low Filtration Rates
	20.3.5	 Additional Theoretical Considerations

	20.4	 Clinical Implications of the Revised Starling Model
	20.5	 Fluids that Preserve the Glycocalyx
	20.5.1	 Albumin
	20.5.2	 Fresh Frozen Plasma
	20.5.3	 Red Blood Cells
	20.5.4	 Platelets
	20.5.5	 Crystalloids and Artificial Colloids

	20.6	 Conclusion
	References

	21: Should Albumin be the Colloid of Choice for Fluid Resuscitation in Hypovolemic Patients?
	21.1	 Introduction
	21.2	 Hypovolemia and the Hemodynamic Rationale for Its Treatment
	21.2.1	 Hypovolemic Shock
	21.2.2	 Fluid Resuscitation

	21.3	 Human Serum Albumin: Oncotic and Non-Oncotic Properties
	21.3.1	 Oncotic Pressure and Albumin
	21.3.2	 Non-oncotic Properties of Albumin

	21.4	 History of Fluid Management in Recent Decades
	21.4.1	 The Albumin Fall
	21.4.2	 The ‘HES Ban’: Do Hemodynamics Matter?

	21.5	 Current Indications for Albumin Use in Clinical Settings
	21.6	 Evidence on Efficacy of Albumin Administration for the Treatment of Hypovolemia
	21.7	 Concerns Raised About Commercial Albumin Solutions
	21.8	 Conclusion
	References

	22: What the Intensive Care Physician Should Know About the Transurethral Resection Syndrome
	22.1	 Introduction
	22.2	 History, Surgeries and Types of Absorption
	22.3	 Symptoms
	22.3.1	 Pathophysiology of Neurological Symptoms
	22.3.2	 Pathophysiology of Circulatory Symptoms

	22.4	 Incidence
	22.5	 Monitoring
	22.6	 Precautions
	22.7	 Treatment
	22.8	 Conclusion
	References

	23: Relationship Between Central Venous Pressure and Acute Kidney Injury in Critically Ill Patients
	23.1	 Introduction
	23.2	 Sepsis and Septic Shock
	23.3	 Left Heart Failure
	23.4	 Cardiac Surgery
	23.5	 Myocardial Infarction
	23.6	 Right Heart Failure
	23.7	 Acute Respiratory Distress Syndrome
	23.8	 Conclusion
	References

	24: Fluid Management in Acute Kidney Injury
	24.1	 Introduction
	24.2	 Aims of Fluid Resuscitation
	24.3	 Types of Fluid
	24.3.1	 Colloids
	24.3.2	 Crystalloids

	24.4	 Volume of Fluid
	24.4.1	 Assessment of Volume Status

	24.5	 Duration of Fluid Therapy
	24.6	 Fluid Management in Specific Types of AKI
	24.6.1	 AKI in Liver Disease
	24.6.2	 Obstructive AKI
	24.6.3	 AKI in Congestive Cardiac Failure
	24.6.4	 AKI Treated with Renal Replacement Therapy

	24.7	 Conclusion
	References


	Part IX: Altered Renal Function
	25: Diagnostic Implications of Creatinine and Urea Metabolism in Critical Illness
	25.1	 Introduction
	25.2	 Creatinine and Urea Metabolism in Health
	25.3	 Ureagenesis in Critical Illness
	25.4	 Creatinine Generation in Critical Illness
	25.5	 Creatine and Phosphocreatine in Critical Illness
	25.6	 Urea:Creatinine Ratio in Critical Illness
	25.7	 Limitations of Creatinine in AKI Diagnosis
	25.8	 Towards a Better Interpretation of Serum Creatinine
	25.9	 Conclusion
	References

	26: New Insights into the Renal Microcirculation in Sepsis-Induced Acute Kidney Injury
	26.1	 Introduction
	26.2	 Potential Mechanisms of Renal Microcirculatory Dysfunction in Sepsis-Induced AKI
	26.3	 New Evidence That Renal Microvascular Alterations Play a Central Role in Sepsis-Induced AKI
	26.4	 Conclusion
	References

	27: Atypical Sepsis-Associated Acute Kidney Injury
	27.1	 Introduction: AKI is a Major Public Health Problem and Sepsis-associated AKI is the Most Common Form
	27.2	 Little is Known About the Underlying Mechanisms of Sepsis-Associated AKI in Humans
	27.3	 Atypical Hemolytic Uremic Syndrome is an Unusual Cause of AKI
	27.4	 Drug-Associated Thrombocytopenia
	27.5	 Is It Really Possible that aHUS Is More Prevalent than Currently Thought or that Complement Activation Plays a Role in Some Cases of Sepsis-Associated AKI?
	27.6	 New Treatments for Sepsis-Associated AKI Are Urgently Needed and Treatments Targeting Complement Activation are Currently Available with Several New Drugs in Development
	27.7	 Other Advantages of Genetic Testing
	27.8	 Conclusion
	References

	28: Latest Developments in Perioperative Acute Kidney Injury
	28.1	 Introduction
	28.2	 Oliguria and the Effects of Fluids
	28.2.1	 Oliguria
	28.2.2	 Fluid Therapy
	28.2.3	 Fluid Balance

	28.3	 Preemptive Strategies
	28.3.1	 Remote Ischemic Preconditioning
	28.3.2	 KDIGO Bundles
	28.3.3	 Pharmacologic Options

	28.4	 Conclusion
	References

	29: Renal Replacement Therapy During Septic Renal Dysfunction
	29.1	 Introduction
	29.2	 Sepsis-Induced AKI: Pathophysiology and Rationale for Blood Purification
	29.3	 Optimal Timing to Commence RRT in Sepsis
	29.4	 Standard and Special Filters: Variable Intensity, High Cut-off Membranes and Hemadsorption
	29.5	 Additional Aspects Related to RRT in Sepsis-induced AKI: Anticoagulation Strategies and Fluid Balance
	29.6	 Conclusion
	References

	30: Acid-Base Disorders and Regional Citrate Anticoagulation with Continuous Renal Replacement Therapy
	30.1	 Introduction
	30.2	 Citrate in CRRT: General Considerations
	30.3	 Acid-base Disorders and RCA
	30.4	 Practical Management of Acid-base Disorders Related to RCA
	30.4.1	 Prevention of Acid-base Disorders Related to RCA
	30.4.2	 Treatment of Acid-base Disorders Related to RCA
	30.4.2.1	 Metabolic Acidosis Related to Citrate Accumulation
	30.4.2.2 Metabolic Alkalosis Caused by Trisodium Citrate Overload
	30.4.2.3	 Metabolic Acidosis Caused by Insufficient Trisodium Citrate Delivery


	30.5	 Conclusion
	References

	31: Acute Kidney Injury and Delirium: Kidney–Brain Crosstalk
	31.1	 Introduction
	31.2	 Diagnosing Delirium in the Critically Ill
	31.3	 Risk Factors for Intensive Care Delirium
	31.4	 Acute Brain Dysfunction during Critical Illness
	31.5	 Acute Brain Dysfunction in Renal Disease
	31.5.1	 Pathophysiology of Acute Brain Dysfunction in AKI

	31.6	 Kidney–Brain Interaction and Critical Illness
	31.7	 Conclusion
	References


	Part X: The Neurological Patient
	32: Brain Ultrasound in the Non-neurocritical Care Setting
	32.1	 Introduction
	32.2	 Methods to Evaluate Cerebral Perfusion and Intracranial Pressure
	32.3	 Brain Ultrasound in Liver Failure
	32.4	 Brain Ultrasound in Sepsis and Septic Shock
	32.5	 Brain Ultrasound in Cardiac Arrest
	32.6	 Brain Ultrasound During Extracorporeal Membrane Oxygenation
	32.7	 Brain Ultrasound in Patients with Acute Respiratory Failure
	32.8	 Brain Ultrasound in Pregnancy-Related Pathology
	32.9	 Brain Ultrasound in Central Nervous System Infections
	32.10	 Brain Ultrasound in Stroke
	32.11	 Brain Ultrasound in the Emergency Department
	32.12	 Brain Ultrasound in the Operating Room
	32.13	 Conclusion
	References

	33: Brain Fog: Are Clearer Skies on the Horizon? A Review of Perioperative Neurocognitive Disorders
	33.1	 Introduction
	33.2	 Epidemiology/Incidence of Postoperative Cognitive Decline
	33.3	 History of Postoperative Cognitive Decline
	33.4	 Nomenclature and Clinical Syndromes
	33.5	 Etiology
	33.6	 Interventions
	33.7	 Conclusion
	References

	34: Uncovering Consciousness in Unresponsive ICU Patients: Technical, Medical and Ethical Considerations
	34.1	 Introduction
	34.2	 Technical Considerations
	34.2.1	 How Can We Probe Consciousness in Unresponsive Patients?
	34.2.1.1	 Clinical Exam
	34.2.1.2	 Assessing Biomarkers That Correlate with Level of Consciousness
	34.2.1.3	 Detecting Correlates of Conscious Processing
	34.2.1.4	 Detecting Correlates of Command Following

	34.2.2	 Pitfalls and Caveats of these Techniques in the ICU
	34.2.2.1	 Technical Aspects
	34.2.2.2	 Confounding Factors

	34.2.3	 What Are We Detecting Exactly?

	34.3	 Medical Considerations
	34.3.1	 Prognostication and Medical Decision Making
	34.3.2	 Pain Management
	34.3.3	 Recovery of Communication Abilities

	34.4	 Ethical Considerations
	34.4.1	 Ethical Aspects Raised By Covert Consciousness in the ICU

	34.5	 Conclusion
	References


	Part XI: Infection and Antibiotics
	35: From Influenza-Induced Acute Lung Injury to Multiorgan Failure
	35.1	 Introduction
	35.2	 Innate Immune Response
	35.3	 Adaptive Immune Response
	35.4	 Which Host Factor Is Most Directly Linked to Influenza Fatality?
	35.5	 How Does Influenza Virus Interact with Host Factors?
	35.6	 Influenza Virus Transcriptome Triggers a Systemic Inflammatory Response
	35.7	 From Acute Lung Injury to Multiorgan Failure
	35.8	 Conclusion
	References

	36: Multidrug Resistant Gram-Negative Bacteria in Community-Acquired Pneumonia
	36.1	 Introduction: Why Is This Topic Important?
	36.2	 CAP Caused by Pseudomonas aeruginosa
	36.2.1	 The Pathogen: Why Is It Difficult to Treat?
	36.2.2	 Prevalence: What Is the Prevalence?
	36.2.3	 P. aeruginosa Risk Factors

	36.3	 CAP Caused by Acinetobacter baumanii
	36.3.1	 The Pathogen: How Important Is A. baumanii In CAP?
	36.3.2	 Prevalence: What Is the Prevalence?
	36.3.3	 A. baumannii Risk Factors

	36.4	 CAP Caused by Klebsiella pneumoniae
	36.4.1	 The Pathogen: What Is So Special About K. pneumoniae in CAP?
	36.4.2	 Prevalence: What Is the Prevalence?
	36.4.3	 K. pneumoniae Risk Factors

	36.5	 CAP Caused by Stenotrophomonas maltophilia
	36.5.1	 The Pathogen: What Is So Special About S. maltophilia in CAP?
	36.5.2	 Prevalence: What Is the Prevalence?
	36.5.3	 S. maltophilia Risk Factors

	36.6	 Diagnosis: Is It Possible to Predict Gram-Negative MDR Pathogens in CAP?
	36.7	 Therapy: How is it Possible to Treat These Pathogens?
	36.8	 Conclusion
	References

	37: Light and Shade of Antibiotics Recently Approved and in Advanced Development for Critically Ill Patients
	37.1	 Introduction
	37.2	 Ceftolozane/Tazobactam
	37.3	 Ceftazidime/Avibactam
	37.4	 Aztreonam/Avibactam
	37.5	 Ceftaroline
	37.6	 Ceftobiprole
	37.7	 Ceftaroline/Avibactam
	37.8	 Tedizolid
	37.9	 Imipenem/Relebactam
	37.10	 Meropenem/Vaborbactam
	37.11	 Cefiderocol
	37.12	 Eravacycline
	37.13	 Omadacycline
	37.14	 Plazomicin
	37.15	 Lefamulin
	37.16	 Murepavadin
	37.17	 Conclusion
	References

	38: Target Controlled Infusion in the ICU: An Opportunity to Optimize Antibiotic Therapy
	38.1	 Introduction
	38.2	 Target-Controlled Infusion History and Current Applications
	38.2.1	 What is a TCI-System?
	38.2.2	 History and Current Applications

	38.3	 Target-Controlled Infusion in Critical Care Medicine
	38.4	 Target-Controlled Infusion for Antibiotic Therapy
	38.4.1	 Advantages of TCI for Antibiotics
	38.4.2	 Available Data
	38.4.2.1	 Piperacillin
	38.4.2.2	 Vancomycin
	38.4.2.3	 Amoxicillin and Fosfomycin
	38.4.2.4	 Cefepime

	38.4.3	 Challenges for the Implementation of TCI for Antibiotic Therapy
	38.4.3.1	 PK Model Development
	38.4.3.2	 Altered Pharmacokinetics in the Critically Ill Patient
	38.4.3.3	 Use of Therapeutic Drug Monitoring to Enhance TCI Accuracy in the Individual Patient


	38.5	 Future Perspectives
	38.6	 Conclusion
	References

	39: Antimicrobial Stewardship in Sepsis
	39.1	 Introduction
	39.2	 Why Creating an Appropriate Antibiotic Stewardship Program is Crucial?
	39.3	 Antimicrobial Stewardship Programs
	39.4	 Duration of Antimicrobial Therapy in Sepsis
	39.5	 Optimization of Antimicrobial Therapy in Sepsis: Pharmacokinetics and Pharmacodynamics
	39.6	 Diagnostic Stewardship
	39.7	 Biomarkers to Guide Antimicrobial Stewardship in Sepsis
	39.8	 The Impact of Antimicrobial Stewardship: Expectations and Concerns
	39.9	 Conclusion
	References


	Part XII: Sepsis
	40: Heterogeneity in Sepsis: New Biological Evidence with Clinical Applications
	40.1	 Introduction
	40.2	 Transcriptomic Profiling
	40.3	 mRNA and Protein Signatures
	40.4	 Metabolomics
	40.5	 Cellular Function
	40.6	 Challenges and Future Directions
	40.7	 Conclusion
	References

	41: The Role of Mitochondrial Dysfunction in Sepsis: What Is New?
	41.1	 Introduction
	41.2	 Mitochondria: The Powerhouse of Cells and More
	41.3	 Sepsis and Mitochondrial Dysfunction: Survival of the Fittest
	41.4	 Oxidative Stress and Mitochondrial Dysfunction
	41.5	 Potential Therapies for Sepsis: What the Future Holds for Mitochondria?
	41.6	 Conclusion
	References

	42: Potential Harm Related to Fluid Resuscitation in Sepsis
	42.1	 Introduction
	42.2	 Cardiovascular Dysfunction Associated with Bolus Fluid Therapy
	42.2.1	 Fluid Resuscitation-Induced Vasodilation
	42.2.2	 Fluid Resuscitation-Associated Cardiotoxicity
	42.2.3	 Effects of Fluid Resuscitation on the Glycocalyx
	42.2.4	 Inflammatory Effects of Fluid Resuscitation

	42.3	 Harm Caused by Fluid Overload
	42.4	 Bolus Fluid Therapy: Unresolved Issues
	42.5	 Future Directions
	42.6	 Conclusion
	References

	43: Extracorporeal Cytokine Removal in Septic Shock
	43.1	 Introduction
	43.2	 Pathophysiological Background
	43.3	 Cytokine Adsorption as Adjuvant Therapy
	43.4	 Current Data
	43.4.1	 Animal Experiments
	43.4.2	 Human Data

	43.5	 How We Do It?
	43.6	 Questions to Be Answered in the Future
	43.6.1	 Which Patients Would Benefit the Most?
	43.6.2	 Timing of Treatment
	43.6.3	 How Long Should Treatment Last?
	43.6.4	 Assessing Treatment Efficacy and when to Stop?
	43.6.5	 Removal of Other Substances

	43.7	 Conclusion
	References


	Part XIII: Iron Metabolism
	44: Iron Metabolism: An Emerging Therapeutic Target in Critical Illness
	44.1	 Introduction
	44.2	 Iron Metabolism and Critical Illness
	44.2.1	 Diagnosing Iron Deficiency
	44.2.2	 Anemia
	44.2.3	 Cognitive Dysfunction
	44.2.4	 Neuromuscular Dysfunction
	44.2.5	 Cardiopulmonary Dysfunction
	44.2.6	 Infection

	44.3	 Conclusion
	References

	45: Transferrin as a Possible Treatment for Anemia of Inflammation in the Critically Ill
	45.1	 Introduction
	45.2	 Prevalence of Anemia of Inflammation
	45.3	 Etiology of Anemia of Inflammation
	45.4	 Consequences of Anemia of Inflammation
	45.5	 Current Therapy of Anemia of Inflammation
	45.5.1	 Iron
	45.5.2	 Erythropoietin
	45.5.3	 Red Blood Cell Transfusions

	45.6	 Development of Novel Therapies for Anemia of Inflammation
	45.6.1	 Iron Modulating Therapies
	45.6.2	 Transferrin Supplementation
	45.6.3	 Rationale for Supplementing Transferrin in Anemia of Inflammation

	45.7	 Transferrin Supplementation to Correct Anemia
	45.7.1	 Patients with Transferrin Deficiency
	45.7.2	 Model of β-Thalassemia
	45.7.3	 Model of Pulmonary Sepsis

	45.8	 Transferrin Supplementation to Decrease Free Iron-Mediated Organ Damage
	45.8.1	 Patients Undergoing High-Dose Chemotherapy
	45.8.2	 Model of Hyperoxic Lung Injury
	45.8.3	 Model of Ischemia/Reperfusion Injury
	45.8.4	 Model of Pulmonary Sepsis

	45.9	 Conclusion
	References


	Part XIV: Extremes of Age
	46: Functional Impairments in Pediatric Critical Illness Survivors
	46.1	 Introduction
	46.2	 Current Knowledge
	46.2.1	 Measurement Tools and Rates of Physical Function Impairment
	46.2.2	 Risk Factors

	46.3	 Future Directions
	46.3.1	 Gaps and Considerations

	46.4	 Conclusion
	References

	47: Care of the Critically Ill Older Adult
	47.1	 Introduction: An Aging Population
	47.2	 Getting to the ICU
	47.2.1	 Triage, Ageism and Mortality Benefit
	47.2.2	 The Importance of Preexisting Vulnerability Factors Over Chronological Age

	47.3	 Optimizing Care of Older Patients While in the ICU
	47.3.1	 The Dangers of Delirium
	47.3.2	 Prevention of Delirium
	47.3.3	 Early Mobilization
	47.3.4	 Family Involvement

	47.4	 Transitions of Care
	47.4.1	 The Challenge of ICU to Floor Transitions
	47.4.2	 Early Planning
	47.4.3	 Careful Medication Reconciliation and Review
	47.4.4	 Acute Care for Elders Units

	47.5	 Conclusion
	References


	Part XV: Patient Comfort
	48: Inhaled Sedation and Reflection Systems
	48.1	 Introduction
	48.2	 Specific Reflection Versus Total Rebreathing
	48.3	 The AnaConDa™
	48.4	 The Mirus
	48.5	 The AnaConDa-S™
	48.6	 Other Reflection Systems
	48.7	 Clinical Studies
	48.8	 Outlook
	48.9	 Conclusion
	References

	49: Intensity Matched Algorithm for Comfort in Intensive Care Patients: I-MAC ICU
	49.1	 Introduction
	49.2	 The Need for a Practical, Personalized, Patient-Centered Approach
	49.3	 The Perceived Benefits of I-MAC ICU
	49.4	 Key Elements of the I-MAC ICU
	49.5	 Maximizing Non-pharmacological Interventions
	49.6	 Reducing Sleep Disruption
	49.7	 Limitations of I-MAC ICU
	49.8	 Conclusion
	References

	50: Sleep and Circadian Rhythm in Critical Illness
	50.1	 Introduction
	50.2	 Physiology of Sleep
	50.3	 Altered Sleep in the ICU
	50.4	 Mechanisms and Physiological Consequences of Sleep Disturbances in the ICU
	50.4.1	 Light-Dark Cycle
	50.4.2	 Noise in the ICU
	50.4.3	 Sensorimotor Experience
	50.4.3.1	 Sedation
	50.4.3.2	 Restraint Use

	50.4.4	 Organ Function
	50.4.4.1	 Mechanical Ventilation
	50.4.4.2	 Immune System
	50.4.4.3	 Nutrition
	50.4.4.4	 Delirium and Other Neuropsychological Sequelae


	50.5	 Sleep Measurement in the ICU
	50.6	 Efforts to Improve Sleep in the ICU
	50.6.1	 Reducing Environmental Impact on Sleep
	50.6.2	 Pharmacological Considerations
	50.6.3	 Mechanical Ventilation

	50.7	 Conclusion
	References


	Part XVI: Medical Education
	51: Social Media in Critical Care: Entering an Exciting New Era
	51.1	 Introduction
	51.2	 Social Media and Free Open Access Medical Education
	51.3	 Assessing Impact
	51.4	 Keeping Up to Date
	51.5	 Personal Learning Networks, Remote Learning and Early Access
	51.6	 Appraisals, Records and Continuing Medical Education
	51.7	 Policing, Etiquette and Caution
	51.8	 Conclusion
	References


	Index

