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1The Role of Transcriptomics 
in Redefining Critical Illness

T. M. Pelaia, M. Shojaei, and A. S. McLean

1.1  Introduction

Critical care medicine is rapidly evolving, with the approach to sepsis serving as a 
paradigmatic example. Our understanding of sepsis has been subject to decades of 
development and refinement, which reflects a continuous effort towards improving 
the management of this burdensome medical problem. Sepsis was recently rede-
fined as “life-threatening organ dysfunction caused by a dysregulated host response 
to an infection”, characterizing it as a syndrome that captures a vast heterogeneity 
of patients [1]. The updated definition is the first to emphasize the primacy of the 
non-homeostatic host response where the disruption of inflammatory, anti- 
inflammatory, metabolic, and circulatory processes is driven by a complex array of 
factors. Transcriptomics, the study of RNA transcripts in a specific cell or tissue, has 
dramatically progressed alongside critical care medicine, and while there is an incli-
nation to associate key cellular pathways in sepsis with changes in gene expression 
derived from messenger RNA (mRNA) levels, the role of the transcriptome has 
expanded tremendously to non-coding RNAs (ncRNA) that possess dynamic regu-
latory functions.

Despite advancements in the comprehension of its pathophysiology, sepsis 
remains one of the leading causes of morbidity and mortality in critically ill patients 
[2]. As reinforced by the Surviving Sepsis Campaign, the current strengths in sepsis 
management rely on early identification of patients at risk, initial fluid resuscitation, 
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prompt antimicrobial therapy, as well as quickly identifying and controlling the 
infection source [3]. Yet due to the notoriety of its heterogeneous manifestations, 
there is a strong conviction for moving the current treatment paradigm toward a more 
personalized approach [4–6]. The ultra-sensitivity of transcriptomic profiling sys-
tems, such as RNA-sequencing (RNA-Seq), quantitative polymerase chain reaction 
(qPCR), and microarrays, means that interindividual variability in the host response 
is provided with a high level of molecular detail. While important insights can be 
drawn from these tools, the fundamental question is whether they translate to clinical 
utility. This includes strengthening the existing approach to sepsis that rests on timely 
intervention, as well as fostering a growing potential to redefine sepsis through the 
lens of precision medicine. In this chapter, we provide an overview of how RNA 
participates in sepsis pathophysiology, and give an update on the potential of tran-
scriptomics to uncover new tools in the early detection and treatment of sepsis.

1.2  Transcriptomes: An Indispensable Player in Unraveling 
the Mechanisms of Sepsis

The growing body of data on sepsis pathophysiology has revealed an unprecedented 
level of molecular complexity. Such intricate analyses may initially appear to be far 
removed from the observable clinical characteristics of the critically ill patient. 
However, it is at this mechanistic level where a profound source of heterogeneity is 
discovered, providing a fresh outlook on developing rapid and precise methods for 
managing septic patients. While it is outside the scope of this chapter to investigate 
the pathophysiology in detail, highlighting the key cellular processes involved 
assists in understanding the governing role of transcriptomes.

1.2.1  Overview of the Molecular Pathophysiology of Sepsis

The host response to sepsis begins with detecting the invading microorganism via 
pathogen-associated molecular patterns (PAMPs). These foreign antigens interact 
directly with pattern recognition receptors (PRRs) present at the cell surface or 
intracellularly. This recognition event transduces the pathogenic signal to the cell 
nucleus through multiple pathways. A core example involves nuclear factor kappa 
B (NF-κB) signaling, which regulates the transcription of early-activation genes 
that code for a myriad of pro-inflammatory cytokines. This inflammatory network is 
crucial for the activation of innate immune cells and subsequent signaling cascades 
that ultimately serve to eliminate invading pathogens from the host. During early 
sepsis, however, this response is abruptly upregulated, leading to systemic inflam-
mation that can beget endothelial damage, increased vascular permeability, hyper-
coagulation and metabolic dysfunction [7]. Reciprocal damage-associated molecular 
patterns (DAMPs) released from dying cells perpetuate the inflammatory and innate 
immune response. The secretion of inflammatory mediators is therefore amplified, 
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resulting in sustained tissue inflammation and injury from excessive leukocyte infil-
tration. End organ dysfunction manifests consequently, with complications like 
acute respiratory distress syndrome (ARDS), acute kidney injury (AKI), cardiomy-
opathy, and encephalopathy commonly experienced. Many patients also develop 
secondary immunosuppression, typically characterized by a concurrent production 
of anti-inflammatory cytokines to compensate for the overwhelming pro- 
inflammatory response. An enhanced anti-inflammatory response is regulated by 
molecular pathways that result in widespread loss of immune cells and an impaired 
capacity for antigen presentation [7]. Thus, immunosuppressed patients are subser-
vient to ongoing primary infection, the development of secondary infection, and 
viral reactivation.

1.2.2  Messenger RNA: The Driving Force of Transcriptomics

Inherent in the central dogma is the explicit role of mRNAs in sepsis pathophysi-
ology. PRRs, cytokines, signal transducers, and immune cells are all composed of 
proteins that are coded, and thereby modulated, by mRNA expression. In this way, 
coding RNA transcripts have substantially informed our understanding of the dys-
regulated host response, and methods to investigate gene expression have evolved 
from microarrays that detect a predefined set of sequences, to RNA-Seq that cov-
ers the expression of the entire transcriptome. Dynamic gene expression profiles 
can now be analyzed at the tissue or cellular level, where differentially expressed 
genes that are up- or down-regulated between defined populations or time points 
are identified and cataloged to specific biological pathways and functions. In sep-
sis, transcriptomic studies are typically poised towards analyzing mRNA profiles 
from peripheral blood leukocytes, but have encompassed cecal ligation and punc-
ture (CLP) animal models, tightly controlled human endotoxemia experiments 
with healthy volunteers, and clinical studies with critically ill patients that evi-
dently encounter more complexity. The consensus is that the transcriptional 
response to sepsis is complex and highly protean, with up to thousands of differ-
entially expressed genes emerging simultaneously and progressively [8–10]. 
Indeed, the transcription of PRR genes, notably those of the Toll-like receptor 
(TLR) family are upregulated during sepsis, as well as pro-inflammatory cyto-
kines such as tumor necrosis factor α (TNF-α), interleukins (IL)-1α, -1β, -6,  
and -12, and type-I interferons (IFN) [8, 9]. Pathways associated with signal 
transduction are also enriched, including NF-κB, mitogen activated protein kinase 
(MAPK), janus kinase (JAK), and signaling transducer and activator of transcrip-
tion (STAT) [8–10]. RNA transcripts related to mitochondrial dysfunction, pro-
tein synthesis, T helper cell differentiation, endotoxin tolerance, cell death, 
apoptosis, necrosis, and T-cell exhaustion are also profoundly modulated during 
sepsis [8, 11]. Novel transcriptional patterns are observed in the dysfunction of 
various organs, as well as among patients of different sex, age groups, and medi-
cal comorbidities [12].

1 The Role of Transcriptomics in Redefining Critical Illness
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1.2.3  MicroRNA: The Master Regulators of Gene Expression

There is increasing acknowledgement that a transcriptome-level understanding of 
sepsis exceeds mRNA expression, with ncRNAs emerging as a prominent feature. 
In particular, microRNAs (miRNAs) are identified as ‘master regulators’ of gene 
expression that primarily act post-transcriptionally by interacting with mRNAs to 
induce mRNA degradation and inhibit translation, and can act intra- and extra- 
cellularly [13]. The intricate crosstalk between miRNA and cellular pathways com-
bined with its systemic influence has prompted much research into the involvement 
of miRNAs in sepsis. Transcriptomic profiling technologies, notably RNA-seq, 
have been applied to analyze the sepsis-induced effect on miRNAs, and have docu-
mented the differential expression of various miRNAs in multiple cell types [13, 
14]. These findings have been corroborated with numerous in vitro studies to eluci-
date the function of miRNAs in the immunoinflammatory response, where they are 
shown to exhibit dynamic pro-inflammatory and anti-inflammatory activities. For 
example, miR-146a can negatively regulate the TLR4/NF-κB pathway, highlighting 
its involvement in endotoxin tolerance and attenuating the inflammatory response, 
thus its downregulation during sepsis worsens inflammation [14]. On the other 
hand, miR-135a has a pro-inflammatory effect on cardiomyocytes by activating the 
p38 MAPK/NF-κB pathway, and its expression is elevated in the serum of patients 
with sepsis-induced cardiac dysfunction [15].

1.2.4  Long Non-coding RNA: The miRNA Sponges

Long ncRNAs (lncRNAs) were once regarded as transcriptional noise, but their 
novel roles in gene regulation are now canonical. They have been classified as 
‘miRNA sponges’ that bind to and sequester miRNAs, thereby reducing their regu-
latory effect on mRNAs. This adds another intricate dimension to the transcriptomic 
mechanisms underpinning sepsis where many lncRNAs are aberrantly expressed 
[16]. For example, the lncRNA THRIL is upregulated in human bronchial epithelial 
cells in sepsis and sponges miR-19a, which resulted in increased expression of 
TNF-α and promoted lung cell apoptosis [17]. Circular RNAs (circRNA) are a 
novel member of the lncRNA family, with a circular conformation that affords sta-
bility and resistance. They too hold the putative function as miRNA sponges, but 
also as ‘miRNA reservoirs’ that store and transport miRNAs to subcellular loca-
tions. Recent studies have elucidated the role of circRNAs in sepsis-induced organ 
failure via their sponging effects, but this research is still at an early stage [18].

1.3  From Transcriptomics to Clinical Tools

Advances in transcriptomics have illuminated three major sources of heterogeneity 
at the molecular level. First, the cellular functions involved in sepsis are governed 
by extensive gene regulatory networks involving intricate interactions between 
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mRNAs, miRNAs, and lncRNAs, with the potential to produce a variety of out-
comes. Second, expression patterns are highly dependent on the specialized func-
tions of the cell type. Third, the transcriptional response undergoes large dynamic 
changes as sepsis progresses through different phases, thus giving rise to temporal 
heterogeneity. The influence of demographic factors and other clinical features adds 
to this mixed picture, and presents a huge challenge to translate this complexity into 
clinical practice. Yet with improvements in technologies and clinical trial design, 
this transcriptomic understanding of sepsis can be sensibly harnessed to address and 
possibly redefine two fundamental goals of critical care medicine: early identifica-
tion and effective therapeutic intervention (Fig. 1.1).

Fig. 1.1 The role of transcriptomics in the early detection of sepsis by developing rapid host 
biomarkers, and in therapeutic intervention by facilitating a precision medicine approach

1 The Role of Transcriptomics in Redefining Critical Illness
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1.3.1  Time Is Critical: Current Challenges in the Early Detection 
of Sepsis

Sepsis is associated with an increasing risk of mortality for every hour it goes unrec-
ognized, so an early diagnosis is crucial [19]. Ideally, a diagnosis of sepsis should 
answer the questions that are drawn from its definition: identifying the type of infec-
tion, measuring the host response, and predicting the likelihood of organ dysfunc-
tion. Identifying the causative pathogen is currently achieved with blood culture, yet 
a major limitation of this method is the delay to results (typically 48–72 h), which 
are also frequently read as a false negative [20]. Initial screening tools like the 
sequential organ failure assessment (SOFA) score can be laborious to calculate in a 
time-critical emergency, and the use of simplified versions, such as quick SOFA 
(qSOFA), can be to the detriment of prognostic accuracy [21]. The development of 
precise and rapid diagnostics is therefore a necessary yet arduous feat in the critical 
care setting, but biomarker tests for sepsis are emerging as promising candidates. 
Well established markers such as C-reactive protein (CRP) and procalcitonin (PCT) 
provide prompt and valuable glimpses into the host response, but discordances in 
their diagnostic and prognostic performance create the need for a more holistic view 
of the septic patient [20]. The transcriptomics approach proposes that novel RNA 
biomarkers can expedite the diagnostic process by harnessing the host response.

1.3.1.1  Rapid Host Transcriptomic Biomarkers for Sepsis
The emergence of molecular diagnostics has garnered considerable attention in 
recent years, whereby rapid qPCR techniques are considered the ‘gold standard’ for 
detecting novel viruses such as the severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2), yet the same technology can be leveraged for measuring host RNA 
biomarkers in the blood with fast turnaround times and high accuracy. Several mark-
ers warrant specific mention. The HLA-DRA gene may be a promising mRNA sur-
rogate of the surface protein HLA-DR on monocytes (mHLA-DR) as a marker of 
immunosuppression that can be routinely measured with qPCR rather than flow 
cytometry [22]. miR-150 is a well-investigated miRNA that can discriminate between 
sepsis and non-infectious systemic inflammatory response syndrome (SIRS) [23]. 
The lncRNA GAS5 displays prognostic potential in predicting 28-day mortality risk 
in septic patients [24]. Although far from exhaustive, these individual RNAs reflect 
the wide-ranging potential of transcriptomics in deriving novel biomarkers for diag-
nosis and prognostic enrichment. However, a single-biomarker- driven approach 
towards sepsis is unlikely to be achieved in clinical practice. Many of these biomark-
ers are only effective at a specific time, in a certain population, or even in a particular 
tissue or cell, which underscores the perplexity of the sepsis response. Measuring a 
panel of biomarkers has been advocated to provide greater accuracy and generaliz-
ability. As an example, the IFI27 gene is a well-characterized host biomarker for 
viral infection [25], but incorporating other viral-induced mRNAs (JUP and LAX1), 
as well as mRNAs that are upregulated in bacterial infections (HK3, TNIP1, GPAA1, 
and CTSB) can yield a gene signature that robustly evaluates whether an infection is 
likely to be of bacterial or viral origin [26]. This 7-mRNA “Bacterial-Viral Metascore” 
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has recently formed part of a composite test alongside an 11-mRNA “Sepsis 
Metascore” and an 11-mRNA “Stanford Mortality Score” to further affirm the 
 presence of an acute infection and to predict the risk of 30-day mortality (Table 1.1) 
[26, 29, 30]. The resultant 29-Host-Immune-mRNA panel called InSep™ 
(Inflammatix, Bulingame, CA) integrates rapid transcriptomic profiling with 
advanced machine learning to guide early clinical decisions in the emergency room 
about administering antibiotics, the need for further diagnostic workup, and the like-
lihood of an intensive care unit (ICU) transfer [33]. Other groups have reported simi-
lar advances in host mRNA expression signatures that have been summarized in 
Table  1.1 using areas under the curve (AUCs). Notably, SeptiCyte® RAPID 
(Immunexpress, Seattle, WA), the first FDA-cleared test to differentiate sepsis from 
non-infectious SIRS in 1 h, uses host response mRNA expression that is quantified 
with real time qPCR [28]. It has been clinically validated in retrospective and pro-
spective studies (ClinicalTrials.gov Identifiers NCT01905033, NCT02127502, and 
NCT05469048). The development of qPCR for host mRNA detection has advanced 
towards point-of-care devices with the potential to address the unmet need of rapid 

Table 1.1 Host mRNA signatures for the diagnosis and prognosis of sepsis

Setting [Ref] Transcriptomic score
Performance 
(validated AUC)

Commercial 
platform

Sepsis vs. non-infectious 
SIRS on ICU admission in 
adults [27]

4-mRNA classifier 
(SeptiCyte™ LAB 
SeptiScore™)

0.82–0.89 SeptiCyte™ 
LAB 
(Immunexpress, 
Seattle, WA)

Sepsis vs. noninfectious 
SIRS in patients with 
malignancy or treated with 
antineoplastic/
immunosuppressant [28]

Simpler version of 
SeptiCyte™ LAB 
(SeptiCyte® RAPID 
SeptiScore®)

Adult: >0.88 SeptiCyte® 
RAPID 
(Immunexpress, 
Seattle, WA)

Pediatric: >0.96

Sepsis vs. non-infectious 
SIRS [29]

11-mRNA classifier 
(Sepsis MetaScore)

0.83 (0.73–0.89) Component of 
the InSep™ test 
(Inflammatix, 
Bulingame, CA)

Bacterial vs. viral 
infection [26]

7-mRNA classifier 
(Bacterial-Viral 
MetaScore)

0.91 (0.82–0.96) Component of 
the InSep™ test 
(Inflammatix, 
Bulingame, CA)

30-day mortality prediction 
in sepsis patients [30]

12-mRNA classifier 
(Stanford Score)

0.87 (0.64–1.0) Component of 
the InSep™ test 
(Inflammatix, 
Bulingame, CA)

28-day mortality prediction 
in pediatric septic 
shock [31]

4-mRNA + 12-protein 
classifier 
(PERSEVERE-XP)

0.96 (0.91–1.0)

Abdominal sepsis vs. 
post-op gastrointestinal 
surgery control on ICU 
admission [32]

3-mRNA classifier (sNIP 
score)

0.91 (0.84–0.97)

AUC area under the curve, SIRS systemic inflammatory response syndrome, ICU intensive care unit

1 The Role of Transcriptomics in Redefining Critical Illness

https://ClinicalTrials.gov


10

and early detection of sepsis. Such technologies could also transform the approach to 
other critical illnesses where a sense of urgency is essential in their management. 
While the commercial availability of transcriptomic biomarker panels represents an 
important interface between the bench and the bedside, continued external clinical 
validation is required to ensure that reproducibility is upheld across heterogeneous 
populations. The emergence of ncRNA signatures for sepsis diagnosis, including the 
14-lncRNA “SepSigLnc”, also gives rise to the possibility of measuring a mixed 
panel of circRNA, lncRNA, miRNA, and mRNA markers for a more complete and 
interactive picture of the immuno-inflammatory status [34].

1.3.2  Trials and Tribulations: Current Challenges 
in the Treatment of Sepsis

In a similar vein to diagnosis, therapeutic approaches to sepsis are guided by its 
definition: controlling the infection, modulating the host response, and ameliorat-
ing organ dysfunction. Broad-spectrum antimicrobial therapy is prioritized due to 
its association in reducing mortality when administered early [3]. Fluid resuscita-
tion and vasoactive agents are essential for the hemodynamic support of vital 
organ functions. Yet given that the dysregulated host response, rather than the 
infection itself, is the driver of adverse outcomes, host-directed-therapies have 
been long- sought- after. After decades of clinical trials, immunomodulatory agents 
that target PRRs, PAMPs, and pro-inflammatory cytokines have so far proven 
unsuccessful [35]. This emphasizes the difficulty for preclinical models to fully 
predict therapeutic efficacy at the bedside where tremendous heterogeneity exists. 
Attempts have been made to circumvent this challenge by recruiting more homo-
geneous groups of patients [7]. One study used decreased mHLA-DR levels to 
stratify sepsis patients for granulocyte-macrophage colony-stimulating factor 
(GM-CSF) administration, which was found to restore monocyte immunocompe-
tence and shorten mechanical ventilation duration and length of ICU stay [36]. 
This study, among several others of a similar nature, represent the emergence of a 
core component of the precision medicine dogma where enrichment strategies are 
used to identify critically ill patients who could benefit from tailored therapies [6]. 
Once again, these examples rely on a single biomarker to define patient subsets, 
which may not capture a holistic view of the complex sepsis response. This is 
where transcriptomic profiling may facilitate with a more accurate identification 
of such discrete groups.

1.3.3  Deriving Transcriptomic Endotypes for Sepsis

As opposed to the top-down prognostic enrichment approach where a clinical 
feature drives the discovery of transcriptomic signatures associated with it, ‘pre-
dictive enrichment’ is a bottom-up approach that is mechanistically driven [6]. 
Distinct transcriptomic signatures, known as endotypes, are clustered based on 
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shared biological processes that enable the targeted selection of patients who 
might benefit from targeted host-directed therapies. Several sepsis endotypes have 
been comprehensively validated and reviewed elsewhere [37], but include the 
immunosuppressed SRS1 and immunocompetent SRS2 endotypes [11]. Even 
though they are solely defined by transcriptomic mechanisms, these endotypes 
show significant differences in clinically relevant characteristics such as 30-day 
mortality. A post-hoc analysis of the VANISH randomized trial revealed that 
hydrocortisone administration was associated with higher mortality in the immu-
nocompetent SRS2 endotype compared to the immunosuppressed SRS1, thus 
serving as an important consideration when designing future prospective trials 
[38]. While these endotypes were defined according to blood samples collected in 
the ICU, a recent addition was made to the literature with a multicohort study on 
emergency room patients with suspicion of sepsis [39]. Patients were stratified 
into five mechanistically diverse endotypes containing unique ~200-gene signa-
tures denoted as neutrophilic- suppressive (NPS), inflammatory (INF), innate host 
defense (IHD), interferon (IFN), and adaptive (ADA). Patients with the NPS and 
IFN endotypes had higher SOFA scores, longer hospital stays, and higher 28-day 
organ failure. The study employs a theragnostic approach with dual benefit, allow-
ing for the early detection and prognostication of sepsis, and the potential selec-
tion of a personalized therapeutic regime. External validation and simpler 
derivations of these ~200-gene endotypes will be required to improve their clini-
cal utility, before their potential role in informing prospective clinical trial design 
is realized.

1.4  Challenges of Applying Transcriptomics in Critical Care

Several challenges lie ahead in realizing the full potential of transcriptomics in rede-
fining sepsis and critical care. Peripheral blood has been the pragmatic choice for 
examining expression patterns, but these profiles may not be accurately extrapo-
lated to other relevant cells involved in sepsis, and important information about 
specialized cell populations within this mixture may be lost. While methods such as 
CIBERSORT have been developed to account for leukocyte subtypes in bulk data 
[40], analyzing a single cell population, whether it be in the blood, the endothelium 
or from the dysfunctional organ, may be more sensible. The advent of single-cell 
RNA-seq can help to address this, having to date led to the discovery of novel sig-
natures in monocytes associated with the various immune states [41]. Another chal-
lenge involves using transcriptomics to inform and enhance clinical trial design. 
Personalized approaches that combine prognostic and predictive enrichment strate-
gies have been proposed, whereby patients are stratified based on transcriptomic 
signatures associated with the likelihood of developing adverse outcomes such as 
mortality and organ dysfunction (prognostic enrichment), followed by the low-risk 
patients receiving standard care and the high-risk patients being treated based on 
their underlying endotype (predictive enrichment) [6]. This leads to another chal-
lenge in defining subtypes and signatures that are clinically relevant, molecularly 
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precise, and uniformly applicable. When addressing this, it may be important to 
realize that transcriptomics is just one dimension of an entire range of modalities 
that can facilitate a more holistic understanding of the biological pathways in sepsis. 
An ‘integrated omics’ approach combines data from genomics, epigenomics, tran-
scriptomics, proteomics, lipidomics, metabolomics, and mircobiomics, and can 
help to build multimodal platforms for diagnosis, prognosis, and drug-discovery. 
These datasets are open to findings that may address more formidable challenges, 
particularly in dealing with the rapidly evolving pathophysiology of sepsis. 
Technological advances that provide clinicians with real-time data at the bedside 
will also help address this temporal heterogeneity. Importantly, interdisciplinary 
collaborations between investigators, clinicians, and industry are required to 
embrace new strategies driven by machine learning and high dimensional data, and 
to develop cost-effective, rapid technologies that are clinically feasible.

1.5  Conclusion

In this chapter, we have demonstrated the powerful roles of coding and ncRNAs in 
modulating the septic response. We have highlighted advances in transcriptomics 
that have enabled the identification of rapid host RNA biomarkers and clinically 
meaningful endotypes. Early recognition and treatment are the key tenets of cur-
rent sepsis management, but transcriptomics holds the capacity to view these 
approaches from a revised angle—one that could facilitate a new era in critical care 
medicine.
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2Metagenomic Sequencing in the ICU 
for Precision Diagnosis of Critical 
Infectious Illnesses

L. P. A. Neyton, C. R. Langelier, and C. S. Calfee

2.1  Introduction

Infectious diseases, in particular respiratory and bloodstream infections, are a lead-
ing cause of intensive care unit (ICU) admission and death worldwide [1]. Identifying 
the underlying pathogens responsible for infectious critical illness remains a major 
challenge and delays timely and effective treatment. Indeed, pathogens remain 
undetected in up to 60% of cases of pneumonia [2] and over 30% of cases of sepsis 
[3, 4]. Appropriate antibiotic therapy is essential for effective management of criti-
cal infectious diseases; however, in most cases, treatment is empiric because exist-
ing microbiologic diagnostics are unable to identify an etiologic pathogen. This 
approach also contributes to antimicrobial resistance, opportunistic pathogens such 
as Clostridium difficile, and leads to other avoidable adverse drug effects [5, 6]. 
Rates of antimicrobial-resistant infections have markedly increased during the coro-
navirus disease 2019 (COVID-19) pandemic due in part to the overuse of broad-
spectrum antibiotics from clinicians suspecting secondary bacterial infections but 
lacking diagnostics to confidently determine their existence [7, 8]. Thus, improve-
ment in diagnostics for pathogens causing infectious illness in critically ill patients 
remains a major unmet need.

Metagenomics, the study of nucleotide sequences from all organisms in biologi-
cal samples, offers an unprecedented opportunity to rapidly identify and characterize 
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infectious disease-causing pathogens, such as bacteria, viruses, and fungi, in a single 
test without a need for culture. The term metagenomics traditionally refers to DNA 
sequencing, whereas metatranscriptomics refers to RNA sequencing. However, the 
term metagenomics is commonly used to refer to DNA and RNA sequencing, both 
of which can be used for pathogen detection, with important differences and associ-
ated considerations. In this review, we will use the term metagenomics to refer to 
both DNA and RNA sequencing.

This chapter begins with providing an overview of the current metagenomic 
approaches used to identify pathogens. Next, we will describe examples of metage-
nomics applications and examine how the technique might be employed more 
widely to study and treat infectious diseases in the ICU.

2.2  Current Standards in Pathogen Detection

Historically, the gold standard for identification of bacterial and fungal pathogens 
has been culture [9]. Despite simplicity and low cost, the turnaround time for 
culture- based methods can extend up to several days or even weeks [10], leading to 
delayed diagnoses, inappropriate antimicrobial use, and in some cases excess dis-
ease transmission in the hospital due to missed infections [11]. While standard 
blood and respiratory cultures are relatively inexpensive compared to many medical 
diagnostic tests, in some countries, such as the USA, the cost of labor and routine 
use of mass spectrometry for taxonomic identification have led to per-patient costs 
of several hundred US dollars. Viral pathogens and some bacterial pathogens, such 
as Mycoplasma pneumoniae or Legionella pneumophila, may be difficult to detect 
with traditional culture-based methods [12]. Because empirical antibiotic treatment 
is typically administered as early as possible in patients presenting with infection- 
related symptoms, the use of culture-based identification might also lead to false 
negative results as antibiotics can sterilize microbial cultures.

Immunological methods, such as serology, can also be used to determine the 
presence of antibodies directed at the pathogen of interest. The major drawback of 
using immunological assays for the detection of pathogens is that antibody produc-
tion requires several days to weeks following exposure to a pathogen, leading to 
false negative tests during the period of acute illness [13]. Antigen tests directly 
detect pathogen proteins and do have utility during acute illness; however, they are 
only available for a limited number of organisms and in many cases have limited 
sensitivity and/or specificity [13].

Viral detection, and increasingly Mycobacterium tuberculosis detection, is car-
ried out using polymerase chain reaction (PCR) assays. Many pathogen genomes 
have been sequenced and are publicly available, which allows the design of species- 
specific probes that can be used to find and amplify microorganism-specific nucleic 
acid sequences, thus allowing the targeted detection of a set of pre-defined micro-
organisms, often within just a few hours [14]. However, despite the availability of 
many Food and Drug Administration (FDA)-approved microbial tests [15] allowing 
the identification of a range of different pathogens (bacteria, viruses, fungi, and 
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parasites), only a handful of PCR-based assays are clinically accepted and available 
in routine practice, and less common organisms, novel emerging pathogens, or 
pathogen variants may be undetectable using such approaches.

All these methods are targeted, meaning that they focus on a pre-selected set of 
organisms. In many cases, only common pathogens are sought, thus limiting the 
chances of identifying less common pathogens of interest.

2.3  Principles of Metagenomics for Infectious 
Disease Diagnosis

The potential of metagenomics to improve infectious disease diagnosis in the ICU, 
where time to effective treatment is paramount [11], is significant. Metagenomics 
allows the unbiased detection, quantification, and characterization of genetic mate-
rial from any organism within biological samples in a relatively short timeframe 
(Table 2.1).

Table 2.1 Characteristics of commonly used pathogen identification strategies

Identification 
method Principle Cost

Microbial 
detection

Additional 
considerations Turnaround

Culture Growth and 
isolation of 
species 
present in a 
sample

Low-
moderate

Some species 
are difficult to 
culture or 
cannot be 
cultured (e.g., 
atypical 
organisms, 
viral, fungal 
pathogens)

• Medium- 
dependent
• Prior use of 
antimicrobial 
agents will affect 
sensitivity

Days to 
weeks

Immunological 
methods

Detection via 
antibodies

Low-
moderate

Determined by 
the choice of 
antibody/
antigen

• Antibody testing 
may not be useful 
during acute 
disease

Minutes to 
days

Detection via 
antigens

• Limited by 
sensitivity/
specificity

PCR Targeted 
amplification 
of specific 
pathogens

Moderate Limited by 
PCR primer 
panel

• Detects only a 
few pre-selected 
microbes
• Some species 
might be 
preferentially 
amplified

Minutes to 
days

Metagenomics Nucleotide 
sequences 
capture and 
amplification

High Unbiased • Host 
background will 
be dominant
• Contamination 
will greatly affect 
utility

Hours to 
days

PCR polymerase chain reaction
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Fig. 2.1 Simplified overview of a metagenomics workflow, which is broken down into two main 
steps. Sample collection, nucleic acid extraction, library preparation, and sequencing are depicted 
in the orange panel. Once reads are sequenced, data are fed into a bioinformatics pipeline (blue 
panel) for quality control, host subtraction, and taxonomic alignment, followed by identification 
and quantification of microbial species, and functional analysis. Two possible analyses are depicted 
and consist of pathogen detection and disease classification (figures adapted from Kalantar et al. 
[16]). Created with BioRender.com

The general metagenomics workflow (Fig. 2.1) begins with nucleic acid extrac-
tion (DNA and/or RNA) from the biological sample of interest. This step is fol-
lowed by library preparation, during which nucleic acid is fragmented, and short 
adapter sequences are ligated onto the ends of the fragments to permit PCR ampli-
fication and binding to the sequencer flow cell. Samples are typically barcoded to 
enable multiplexing. Long-read (e.g., Oxford nanopore, Oxford, UK) and short-
read (e.g., Illumina, San Diego, CA, USA) sequencing platforms can be used clini-
cally, with turnaround times ranging from 6  h to several days depending on 
instrumentation, degree of sample multiplexing, and infrastructure [17].

Prior to analysis, raw sequencing reads must be demultiplexed based on bar-
codes, filtered for quality and complexity, and trimmed to remove adapters and 
barcodes. The resulting sequencing data contains both host and non-host (i.e., 
microbial) components, which vary in proportions depending on type of biological 
specimen, though host data often represent the vast majority. The host reads can 
either be discarded from further analysis or, in the case of RNA sequencing, ana-
lyzed to assess host gene expression. To identify microbial taxa present in the sam-
ple, non- host sequences are aligned to reference databases, such as the NCBI 
nucleotide database, containing reference pathogen genomes. In cases of novel 
pathogens, reference database alignment will be imperfect, but generally capable of 
providing insight regarding the most similarly related microbes. Alternatively, to 
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detect species and strains that might not be present in the reference database, a de 
novo assembly and annotation approach can be taken.

Additionally, quantification can be performed to estimate the relative abundance 
of different taxonomic groups, and functional analysis can be carried out (Fig. 2.1). 
Functional analysis can involve the identification of antimicrobial resistance and/or 
virulence factor genes, using for example publicly available databases.

2.4  DNA Sequencing vs. RNA Sequencing

DNA sequencing is considered the usual method of choice for the detection of 
pathogens in a range of different sample types [18] because it targets all DNA pres-
ent in a sample and will capture non-actively transcribed or non-functional genes as 
well, providing additional taxonomic and functional information. However, DNA 
sequencing will not allow detection of RNA viruses, as only DNA will be amplified 
during the sequencing process. Conversely, metatranscriptomics can be used to 
detect RNA as well as replicating DNA viruses and might thus allow a broader 
detection of pathogens. For the detection of bacterial species when performing 
RNA sequencing, even though more bacterial sequences will be detected, differ-
ences in bacterial transcript abundances might lead to fewer species being detected 
as a species might be contributing more transcripts than others [19]. To add more 
complexity, organisms detected via DNA sequencing might not reflect active infec-
tion, but may instead represent nonviable organisms and/or environmental deposi-
tion [20]. For researchers interested in the interplay between pathogens and the host 
response, RNA sequencing enables simultaneous sequencing of pathogens and host 
gene expression from a single sample to provide a comprehensive snapshot of inter-
actions [21].

While each sequencing approach provides complementary and valuable infor-
mation, conducting both DNA and RNA sequencing is often prohibitively expen-
sive and/or time-consuming. In essence, the decision to sequence one or the other 
should be carefully considered in the early phases of the project and should be based 
on the questions and samples of interest.

2.5  Proof of Concept and Clinical Trial Data 
for Metagenomic Diagnostics

Metagenomic strategies have been successfully used for the diagnosis of infec-
tions in critically ill patients using a variety of sample types, such as cerebrospinal 
fluid (CSF) to identify meningitis and/or encephalitis [22–24], circulating blood to 
identify sepsis [18, 24], and respiratory samples (tracheal aspirate [25] and bron-
choalveolar lavage [BAL] [23, 24]) to diagnose lower respiratory tract infections, 
among others.
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In one of the initial demonstrations of the clinical utility of this approach, 
metagenomics for diagnosis of central nervous system infections in CSF samples 
was investigated in 204 severely ill hospitalized patients [22]; 58 infections were 
identified, 13 of which had not been identified via clinical testing but were solely 
diagnosed using metagenomics testing. In seven of these cases, the results of 
metagenomics testing led to clinically impactful changes in antibiotic treatment 
(i.e., extension, narrowing, or adjusting of spectrum) and enabled timely resolution 
of the infection. Notably, metagenomic testing also had a significant false negative 
rate, with 26/58 (45%) clinically confirmed infections not detected by metagenomic 
sequencing. Gu and colleagues [23] reported the results of metagenomic sequenc-
ing in 182 samples from 160 patients with acute illness, with comparison to culture 
and PCR testing as the gold standard for infection diagnosis. Body fluid samples 
included abscess aspirate, synovial fluid, pleural fluid, ascites, CSF, BAL, and oth-
ers. In this dataset, the sensitivity of metagenomic sequencing for bacterial infection 
ranged from 75% to 79% (depending on the sequencing method), with specificity of 
81–91%, with even higher sensitivity and specificity for fungal species. With the 
important exception of plasma, metagenomic sequencing appeared to perform well 
across body fluid sample types studied.

The diagnostic utility of metagenomics has also been studied in sepsis. In one 
cohort of 350 patients [18] a 94% concordance between blood culture and plasma- 
based metagenomics testing was reported. Metagenomics also permitted the identi-
fication of disease-causing organisms in more cases than culture (169 vs. 132, 
respectively). In another study of 193 patients with sepsis, a higher rate of pathogen 
detection was reported using metagenomics (85%) when compared to culture (31%) 
[24]. In that study, concordance for metagenomics testing and culture was 30%, and 
55% of microbial species were detected solely with metagenomics. These results 
were consistent across several samples, including CSF, circulating blood, and 
BAL. Of note, in this study, metagenomics showed high detection rates for bacteria 
and viruses, but lower rates than culture when considering fungal species such as 
Candida.

Metagenomics has also been evaluated for the diagnosis of lower respiratory 
tract infections in the ICU using BAL samples. In one study of 22 hematopoietic 
stem cell transplant patients [25], identification of a putative pathogen was reported 
in 12 patients; 6 had not been detected using routine clinical diagnostic tests. 
Another larger study of lower respiratory tract infection in 92 patients with acute 
respiratory failure found that metagenomic analyses of tracheal aspirate could iden-
tify pathogens with 96% accuracy compared to culture, and also identify putative 
missed pathogens in over 60% of cases with clinically suspected lower respiratory 
tract infection but negative standard of care microbiologic testing [26]. More 
recently, a similar study focusing on children with lower respiratory tract infection 
investigated the use of metagenomics for diagnosis and pathogen identification in 
397 individuals [27]. In that analysis, the disease-causing organism was identified 
in 92% of lower respiratory tract infection cases, and the integration of clinical test-
ing and metagenomics enabled a diagnosis in 90% of cases vs. 67% for routinely 
ordered testing.
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Table 2.2 Case examples using metagenomics for the diagnosis of infectious disease and identi-
fication of disease-causing organisms

Disease of interest Samples Studies [Ref]
CNS infection CSF Wilson et al. [22]

Gu et al. [23]
Sepsis Plasma Blauwkamp et al. [18]

Ren et al. [24]
Kalantar et al. [16]

Respiratory infection BAL
Pleural fluid
Tracheal aspirate

Gu et al. [23]
Langelier et al. [25]
Langelier et al. [26]
Tsitsiklis et al. [27]

Abscess Abscess fluid Gu et al. [23]
Peritonitis Peritoneal fluid Gu et al. [23]
Urinary tract infection Urine Gu et al. [23]
Septic arthritis Joint fluid Gu et al. [23]

CNS central nervous system, CSF cerebrospinal fluid, BAL bronchoalveolar lavage

An overview of these studies and selected additional exemplary clinical investi-
gations of metagenomic studies is presented in Table 2.2.

2.6  Metagenomics for Prediction of Pathogen 
Antimicrobial Resistance

Antimicrobial resistance is one of the most urgent threats to human health and a 
major challenge for managing infections in the ICU [28, 29]. Historically, detec-
tion of antimicrobial resistant pathogens has necessitated phenotypic susceptibil-
ity testing of clinician-ordered bacterial cultures. Direct detection of antimicrobial 
resistance gene products through metagenomics offers an opportunity to over-
come the limitations of culture by directly detecting the pathogen genes confer-
ring antimicrobial resistance. Databases such as the Comprehensive Antibiotic 
Resistance Gene Database (CARD) [30] can map reads to known antimicrobial 
resistance genes from a diverse set of organisms [31]. Further, some bioinformat-
ics pipelines, such as the ID-seq pipeline [32], enable integrated taxonomic and 
antimicrobial resistance gene identification. Metagenomics has been employed in 
hospital settings to study the distribution of resistant organisms [33–35], and a 
recent proof of concept study demonstrated utility for antimicrobial resistance 
prediction in critically ill patients with pneumonia [29]. Advances in machine 
learning algorithms may ultimately enable genotype to phenotype prediction for a 
broad range of organisms, although limitations in genome coverage of low abun-
dance resistance genes in metagenomic datasets are currently an important barrier 
to overcome [36]. Metagenomics holds promise for expanding the functionality of 
existing public health surveillance systems by enabling surveillance for known 
and emerging antimicrobial resistant pathogens in the hospital, community, and 
environment [31].
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2.7  Assessing the Host Response to Enhance Metagenomic 
Pathogen Detection

In most metagenomic approaches, only host or only microbial data is generated and 
analyzed, permitting either the detection of microbial species or the profiling of the 
host response. However, capturing both components with RNA sequencing, which 
can enable pathogen detection and profiling of the host response, can provide a 
more complete picture of the complex interplay between pathogens and host. In the 
context of infection, it can be challenging to distinguish commensals from disease- 
causing organisms; however, combining pathogen identification data with host 
response profiling can help with this distinction.

Two recent studies have reported approaches integrating microbe and host 
response to improve diagnosis and understand infectious diseases in lower respi-
ratory tract infections and sepsis, respectively [25, 16]. In the study of 92 respira-
tory failure patients described earlier [25], a combined microbe and host signature 
was employed to distinguish lower respiratory tract infections from non-infec-
tious etiologies of respiratory failure in tracheal aspirate samples. This approach 
also identified pathogens and recognizing pathogens from commensal organisms, 
because of the complimentary of the datasets, was further enhanced by integrating 
the host- derived data. In integrating host and microbe data, cases of infection 
were diagnosed with high accuracy (96%). Another recent study took a similar 
approach to sepsis diagnostics, integrating host and microbe data from blood 
metagenomic and metatranscriptomic sequencing of 221 critically ill patients for 
a diagnosis of sepsis and identification of pathogens in blood samples [16]. 
Notably, the integrated metagenomic model identified 99% of sepsis cases with 
positive microbiology, predicted sepsis in 74% of the suspected sepsis cases with 
negative conventional microbiology, and was consistent with a diagnosis of sepsis 
in 89% of unclear sepsis cases. Furthermore, patients without sepsis were cor-
rectly predicted as non-sepsis with a specificity of 78%, highlighting the model’s 
potential utility as a rule-out diagnostic test. This proof-of-concept study high-
lighted the potential of integrating host and microbe data to diagnose sepsis and 
identify relevant pathogens, especially for cases without positive microbiology or 
more complex cases.

2.8  Metagenomics: Potential Hurdles 
and Important Considerations

In addition to choosing the sample to perform the sequencing on and the type of 
sequencing (DNA- vs. RNA-sequencing), there are some limitations, challenges, 
and important questions to consider when considering a metagenomics-based 
approach for the detection of pathogens in the ICU.  First, metagenomics-based 
approaches permit the detection of not only relevant pathogens, but also all low 
abundance commensal and environmental contaminating organisms that may be 
present in a sample. Identifying commensal organisms is especially relevant in the 
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context of non-sterile-site samples (e.g., lung and gut) that contain complex micro-
bial backgrounds, as opposed to typically sterile samples such as CSF.  Recent 
advances in algorithms to distinguish pathogenic microbes from commensal or con-
taminating organisms have been an important step to interpreting the significance of 
the hundreds of microbial alignments that result from analysis. One algorithm, for 
example, is designed to identify disproportionately abundant microbes within sam-
ples and only report those with established pathogenicity [25]. For all samples, to 
ensure the taxonomic alignments detected are relevant and not due to environmental 
contaminants, both negative (water or synthetic matrix) and positive controls must 
be included and processed in the same way as test samples [37].

Second, the proportion of host-derived sequences in metagenomic data can be 
quite high, ranging from 10% (gut) to over 95% (respiratory) of total sequences 
depending on the anatomical site of sampling [38]. If the goal of sequencing is to 
detect pathogens alone, then increasing coverage by generating more sequencing 
reads or using targeted enrichment methods [39] should be considered, though these 
approaches will increase cost and complexity. A larger proportion of host nucleotide 
sequences will lead to decreased sensitivity for microbial detection due to lower 
coverage of non-host sequences [40].

Third, metagenomics remains a costly diagnostic approach that has not yet been 
incorporated into standard of care in most clinical settings. Despite an increased 
cost with respect to culture- or PCR-based methods, clinically practical metage-
nomics assays have comparable costs (~2000 US dollars) to a computed tomogra-
phy (CT) scan with contrast. While this cost is still a major barrier in many settings, 
particularly in low- and middle-income countries, sequencing costs continue to 
decrease each year as technology improves [41]. Historically, intensive computa-
tional requirements have also been a barrier to the broader clinical use of metage-
nomics assays; however, the availability of free, cloud-based bioinformatics 
pipelines [32] has democratized the bioinformatics steps needed to go from sequence 
to pathogen identification.

2.9  Conclusion

Despite promising results, metagenomics remains underutilized in the ICU. Several 
factors still limit its inclusion in routine critical care, including the lack of definitive 
clinical trials testing its utility, few laboratories with the infrastructure needed to 
afford rapid turnaround, cost in low resource settings, and the fact that few metage-
nomics assays have undergone the clinical validation needed to permit use in patient 
care. These barriers will need to be overcome before wide adoption of metagenom-
ics into clinical practice. However, an increasing number of studies are demonstrat-
ing the potential utility of metagenomics in a range of settings relevant to critically 
ill patients. Moving forward, a gradual inclusion of metagenomics into current 
clinical diagnosis pipelines, starting from a complementary inclusion along with 
currently used tests in severely ill patients, may demonstrate the full potential of this 
technology in the ICU.
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3Risk Stratification and Precision 
Medicine: Is It Feasible for Severe 
Infections?

E. J. Giamarellos-Bourboulis, M. Mouktaroudi, 
and M. G. Netea

3.1  Introduction

According to the definition provided by the USA Food and Drug Administration 
(FDA) “Precision medicine, sometimes known as ‘personalized medicine’ is an 
innovative approach to tailoring disease prevention and treatment that takes into 
account differences in people’s genes, environments, and lifestyles” [1]. In other 
terms, although patients with a disease may appear phenotypically similar, the 
mechanism underlying the disease may be different and require different treat-
ment. The main challenge is how this approach may easily be implemented in 
everyday clinical practice in patients with severe infections when decision-making 
should be fast. In this chapter, we discuss developments over the last 5  years 
towards application of the principles of precision medicine for severe infections. 
We present current knowledge on endotypes, the use of biomarkers for risk clas-
sification, the development of biomarkers informing on the mechanisms of disease, 
and the published trials of precision interventions guided by biomarkers. The two 
main severe infections that will be discussed are sepsis and severe coronavirus 
disease 2019 (COVID-19).
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3.2  Endotypes of Severe Infections

The classification of patients with severe infection into separate groups of patho-
physiology requires clustering into disease endotypes. This can be achieved only 
through the extensive analysis of gene expression and the definition of the main 
pathways that determine disease severity. In sepsis there are two published studies 
that have associated unfavorable outcome with endotypes. Both studies included dis-
covery and validation cohorts. In the discovery cohorts, transcriptomic analysis was 
applied in whole blood samples from patients. Then, using systems biology and bio-
informatics, endotypes of pathways associated with unfavorable outcome were iden-
tified. Finally, results were confirmed in the validation cohorts in which patients were 
clustered according to endotypes and unfavorable outcome analyzed per endotype.

The first publication was from the GAiNS (UK Genomic Advances in Sepsis) 
study. Enrolled patients had sepsis as a result of community-acquired pneumonia 
and were divided into a discovery cohort (n = 270) and a validation cohort (n = 114). 
Two transcriptomic sepsis-response signatures (SRS) were identified; SRS1 and 
SRS2. The predominant mechanisms expressed among patients with the SRS1 
endotype were downregulation of the major histocompatibility complex II and 
human leukocyte antigen (HLA)-DR, integrins, and cell adhesion, and differentia-
tion of the immune response. Patients with SRS1 had worse outcomes than those 
with SRS2 [2]. In the second study, Scicluna et  al. identified four endotypes by 
analyzing the transcriptomic profile and clinical data from patients enrolled in the 
Molecular Diagnosis and Risk Stratification of Sepsis (MARS) study [3]. One dis-
covery cohort with 306 patients, one validation cohort with 216 patients from the 
MARS study, and another validation cohort with 265 patients from the GAiNS 
study were included. Patients were classified into four endotypes, namely Mars1 to 
Mars 4. The Mars1 endotype was characterized by a pronounced decrease of several 
immune function mechanisms, including pattern recognition receptor signaling, 
cytokine signaling, and T-cell receptor signaling. In the discovery and both valida-
tion cohorts, patients with the Mars1 endotype had the worse outcome.

Published data from patients with severe COVID-19 involved significantly lower 
numbers of patients compared to publications of sepsis patients. In one study with 
39 participants (7 patients with mild disease, 10 patients with moderate/severe dis-
ease, and 12 patients with critical disease), it was not possible to classify distinct 
endotypes as significant overlap in gene expression was found between patients 
with mild, moderate, and severe disease. However, critically ill patients were clearly 
distinct with the upregulation of FCGR1A, GBP1, GBP2, IRF7, STAT1, TAP1, and 
TLR2 genes and the downregulation of BCL2, CCL4, CN8A, GNLY, and IL7R genes 
[4]. In another study of 39 patients with COVID-19, the transcriptomic profile of the 
granulocytes enabled classification into six endotypes, namely G1 to G6. Worse 
outcomes were observed for patients with endotypes G2 and G3. A total of 2289 
genes were upregulated and 912 genes downregulated compared to healthy con-
trols. In the first 10 days after onset of symptoms, patients with severe disease had 
314 upregulated and 703 downregulated genes compared to patients with mild dis-
ease. However, on days 11–20 after onset of symptoms, these genes increased to 
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445 and 1924 respectively [5]. The authors managed to integrate this information 
into decision-making. Using artificial intelligence, they provided the best candidate 
drug for every patient according to his or her needs as defined by the gene expres-
sion profile.

3.3  How to Transfer Endotypes into Everyday Clinical Practice

In everyday clinical reality, endotyping cannot yet be run real-time. A full transcrip-
tomic analysis and bioinformatics processing requires a lot of time, and the time 
course of severe infection is rapid. One approach would be to select single genes or 
a set of genes that are diagnostic of one specific endotype and develop them into one 
diagnostic platform. It is likely that the selected genes may be different in sepsis than 
in COVID-19. The data from the GAiNS and MARS studies revealed that the endo-
types associated with the worse outcomes were those which provided information on 
sepsis-induced immunoparalysis, an entity known to infer deterioration of the host 
with susceptibility for secondary infections and high mortality [6]. One approach to 
characterize sepsis-induced immunoparalysis is measurement of copies of the inter-
leukin (IL)-7 receptor and namely of the transcripts encoding for the membrane form 
of CD127 and of the soluble form of sCD127. Both these compounds are decreased 
in non-survivors and fewer than 0.20 transcripts of the membrane form by day 3 is 
independently associated with an unfavorable outcome [7]. Using the same reason-
ing, an immune profiling panel has been developed integrating information from 16 
genes. Results in septic shock showed that the expression of CD3D, CD74, CX3CR1 
and IFNγ genes was decreased and the expression of IL-10 and S100A9 genes was 
increased in patients with sepsis-induced immunoparalysis [8].

Sweeny et al. followed an entirely new approach using data from three previ-
ously published cohorts. The discovery set included patients with community- 
acquired infections from seven different countries; the first validation set was 
patients with community-acquired infections from three different countries; and the 
second validation set was patients with hospital-acquired infections from the United 
States [9]. A set of 33 genes was selected, which can be informative of both the 
predominant mechanism of pathophysiology and of the outcome. These genes were 
classified into three endotypes, namely inflammopathic, adaptive, and coagulo-
pathic. Classification into the inflammopathic endotype included the expression of 
five genes (ARG1, LCN2, LTF, OLFM4, HLA-DMB), into the adaptive endotype 
included the expression of 17 genes (YKT6, PDE4B, TWISTNB, BTN2A2, ZBTB33, 
PSMB9, CAMK4, TMEM19, SLC12A7, TP53BP1, PLEKHO1, SLC25A22, FRS2, 
GADD45A, CD24, S100A12, STX1A), and into the coagulopathic endotype included 
the expression of 12 genes (KCNMB4, CRISP2, HTRA1, PPL, RHBDF2, ZCCHC4, 
YKT6, DDX6, SENP5, RAPGEF1, DTX2, RELB). This endotyping was associated 
with 28-day mortality rates of 29.3%, 18.5%, and 31.1%, respectively, in sepsis 
[10]. However, mortality rates among patients with severe COVID-19 were differ-
ent, being 29%, 42%, and 27%, for the three endotypes, respectively [11]. Finally, 
analysis of the G1 to G6 neutrophil specific transcripts of COVID-19 shows that 
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patients with severe disease over-express CD177 and S100A12 compared to patients 
with mild disease [5].

3.4  Protein Biomarkers for Unselected Risk Classification

It is always interesting to investigate how one easily measurable protein biomarker 
can develop into a laboratory test to predict the likelihood of unfavorable outcome. 
However, this is often done in an unsophisticated manner without focusing on the 
association between the candidate molecule and the mechanism of the disease. 
More than 258 protein molecules have been suggested as biomarkers of sepsis [12]. 
We narrowed our search in the PubMed database to the last 5 years and used the 
terms “risk stratification AND sepsis”. The search retrieved 164 publications. After 
excluding case-studies, editorials, reviews, and meta-analyses we narrowed the list 
to 25 publications. Among these publications, only six classified patients with sep-
sis using biomarkers that were informative of the underlying mechanism of disease 
progression. A synopsis of these publications is provided in Table  3.1 [13–18]. 
Studies in small cohorts showed that increases in mciroRNA-122 were associated 
with hepatobiliary dysfunction [13], increases in angiopoietin-2 were associated 
with disseminated intravascular coagulation (DIC) [14], and increases in calprotec-
tin were associated with excess stimulation by circulating danger-associated molec-
ular patterns (DAMPs) [15].

Two main approaches towards the classification of the underlying immune 
mechanism need to be cited because they are built on cohorts with large numbers 
of patients. The first approach is for the diagnosis of sepsis-induced immunopa-
ralysis as described in two publications. The first study analyzed 189 patients 
from the REALISM study and developed the REALIST score. In this score, every 
patient is given one point for each of the following: 23.5% or more of immature 
neutrophils; serum IL-10 ≥8.5 pg/ml; and 7627 or fewer HLA-DR receptors per 
CD14- monocyte. The incidence of secondary infections by day 30 for patients 
scoring 0, 1, 2 and 3 points was 8.2%, 11.9%, 30.6%, and 46.0%, respectively 
[16]. The second study analyzed the change in HLA-DR/CD14-monocytes. 
According to the authors, fewer than 8000 receptors was the diagnostic cut-off for 
sepsis-induced immunnoparalysis. Patients with a significant decrease in 
 HLA-DR/CD14-monocyte over the first 3 days had a 61% risk of developing sec-
ondary  infection [17].

The second classification approach is for the diagnosis of cytokine storm or mac-
rophage activation-like syndrome. This entity is characterized by hepatobiliary dys-
function and DIC and is associated with early death in the first 10 days. Using a test 
cohort of 3417 patients, a validation cohort of 1704 patients from Greece, and 
another small validation cohort of 109 patients from Sweden, circulating ferritin 
>4420 ng/ml classified macrophage activation-like syndrome with 97.1% specific-
ity and 98.0% negative predictive value. Mortality after 28 days for patients with 
ferritin >4420 ng/ml was 66.0% in the test cohort, 66.7% in the Greek validation 
cohort, and 52.9% in the Swedish validation cohort. Macrophage activation-like 
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syndrome was an independent entity for early mortality also when patients pre-
sented with acute respiratory distress syndrome (ARDS), shock, or acute kidney 
injury (AKI) [18].

Regarding risk stratification for COVID-19, we searched the PubMed database 
using the terms “risk stratification AND COVID-19”. The search retrieved 253 
results. After excluding case-studies, editorials, reviews and meta-analyses we nar-
rowed down to five publications providing prognostic risk classification for hospi-
talized patients with COVID-19 [19–23]. The main risk classifiers are given in 
Table 3.2. However, the only biomarkers for which some mechanistic insight was 

Table 3.2 Main biomarkers associated with risk stratification in COVID-19. Analysis refers to 
studies published between 2017 and 2022

Authors [Ref] Design Groups Biomarker studied Risk stratification
Sharifpour 
et al. [19]

Prospective 268 
hospitalized 
pts

CRP Sensitivity 95.5% for 
mortality when 150 mg/l 
or more

de Guadiana- 
Romualdo 
et al. [20]

Prospective 359 
hospitalized 
pts

MR-proADM AUC of ROC for 90-day 
mortality greater than 
AUC of ROC of PCT, IL-6 
and lymphocyte count

Stefanini 
et al. [21]

Prospective 397 
hospitalized 
pts

TnI, BNP Mortality 55.6% when 
TnI+/BNP+; 22.5% when 
TnI+/BNP-; 33.9% when 
TnI-/BNP+; 6.3% when 
TnI-/BNP-

Singh et al. 
[22]

Prospective 276 
hospitalized 
pts

TnT ≥17 ng/ml OR 2.35 for in-hospital 
mortality, intubation or 
cardiac arrest

Laguna-Goya 
et al. [23]

Prospective 276 
hospitalized 
pts

Score by: IL-6 
>86 pg/ml; NLR >6.5; 
LDH >424 U/l; SpO2/
FiO2 >211

AUC 0.94 for 
classification of 
non-survivors

Rovina et al. 
[24]

Prospective 57 
hospitalized 
pts

suPAR ≥6 ng/ml OR 66.0 for SRF/death the 
first 14 days

Azam et al. 
[25]

Prospective 352 
hospitalized 
pts

suPAR tertiles 
(<4.60 ng/ml; 
4.60–6.86 ng/ml; 
>6.87 ng/ml)

OR second tertile vs. first 
tertile 5.42 for AKI
OR third tertile vs. first 
tertile 13.25 for AKI
OR 2.49 of suPAR as 
continuous variable for 
SRF

Vasbinder 
et al. [26]

Prospective 2044 
hospitalized 
pts

suPAR ≥14.8 ng/ml 53.8% incidence of SRF, 
need for renal replacement 
therapy or death among 
patients with DM2

– not increased, + increased, AUC area under the curve, BNP brain natriuretic peptide, CRP 
C-reactive protein, DM2 type 2 diabetes mellitus, FiO2 fraction of inspired oxygen, IL interleukin, 
LDH lactate dehydrogenase, MR-proADM pro-adrenomedullin, NLR neutrophil to lymphocyte 
ratio, NR not-reported, OR odds ratio, ROC receiver operating characteristics curve, PCT procalci-
tonin, pts patients, SpO2 oxygen saturation, SRF severe respiratory failure, suPAR soluble uroki-
nase plasminogen activator receptor, Tn troponin
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provided were MR-proADM (pro-adrenomedullin) and troponins, which are 
indexes of endothelial dysfunction and of myocardial dysfunction, respectively.

The only biomarker identified so far that provides evidence of an underlying 
mechanism for disease progression in COVID-19 is soluble urokinase plasminogen 
activator receptor (suPAR). In a small cohort of patients from Greece early in the 
pandemic, the sensitivity and the positive predictive value of suPAR ≥6 ng/ml for 
the prediction of progression into severe respiratory failure or death during the first 
14 days after hospital admission were 85.7% [24]. The early increase in suPAR as a 
classifier of risk of death or of COVID-19-associated adverse events was later vali-
dated in larger cohorts [25, 26]. However, suPAR is not just a classifier of risk in 
COVID-19 but it is also the only biomarker, so far, which is informative of activa-
tion of the IL-1 pathway. Patients with suPAR ≥6 ng/ml have increased circulating 
concentrations of the DAMP, calprotectin. The injection into mice of calprotectin- 
enriched plasma from patients with increased suPAR concentrations, leads to organ- 
specific inflammation of the lung and of the colon, but sparing the liver and the 
kidney [27]. Administration of the drug anakinra, a recombinant form of IL-1 recep-
tor antagonist, attenuated the inflammation of the lung and colon. When mice were 
treated with a calprotectin antibody, lung and colon inflammation were attenuated. 
These findings suggest that suPAR may be diagnostic of the stimulation of the pro-
duction of IL-1β from tissue macrophages and IL-1α from the lung [27]. Activation 
of these pathways leads to severe respiratory failure.

3.5  The Use of Biomarkers to Guide Immunotherapy 
in Severe Infections

Biomarker-guided precision medicine for severe infection is still at the early stage. 
Four conditions need to be met in order for a biomarker to guide immunotherapy:

• The chosen biomarker is indicative of a specific mechanism that is fundamental 
for disease progression

• There is one available drug that can modulate the specific mechanism indicated 
by the biomarker

• The time window from biomarker measurement until start of the immunointer-
vention should be short since the sequence of pathophysiological mechanisms in 
severe infections changes quickly over-time

• The efficacy and safety of the biomarker-guided immunotherapy is proven 
through double-blind, placebo-controlled, randomized clinical trials (RCTs)

No such high-level evidence is available for sepsis. However, there is proof-of- 
concept from the retrospective analysis of patients with septic shock and from case- 
studies of patients with sepsis-induced immunoparalysis on biomarkers that can 
maximize the therapeutic efficacy of hydrocortisone and of recombinant human 
interferon-gamma (rhIFNγ), respectively. Retrospective analysis of 83 patients with 
septic shock enrolled in the CORTICUS trial showed that patients randomized in 
the placebo arm had greater chance for survival when the baseline ratio of 
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circulating IFNγ to IL-10 was high. However, the opposite was true for patients 
treated with low-dose hydrocortisone, who had a better outcome when the ratio of 
circulating IFNγ to IL-10 before start of treatment was low. This observation was 
confirmed in two independent validation cohorts [28]. In a case-series of 13 sepsis 
patients with <8000 HLA-DR receptors/CD14-monocyte, subcutaneous recombi-
nant human IFNγ was administered. Treatment led to an increase to >8000 HLA-DR 
receptors/CD14-monocyte in nine patients and to a decrease in the sequential organ 
failure assessment (SOFA) score in 10 patients [29]. Retrospective analysis of data 
from a large-scale RCT showed that treatment with anakinra of patients with clini-
cal signs compatible with macrophage activation syndrome was associated with a 
30% decrease in 28-day mortality [30].

The above evidence should be seen as proof-of-concept that biomarker-guided 
immunotherapy may be promising for sepsis. However, results from a properly 
designed and conducted RCT are missing. The ImmunoSep RCT which was 
launched in August 2021 aims to provide solid proof-of-concept for this precision 
approach (ClinicalTrials.gov Identifier: NCT04990232). In the ImmunoSep RCT, 
patients with sepsis due to lung infection or primary bloodstream infection are ran-
domized to treatment with anakinra/rhIFNγ or placebo. Study participants should 
meet the Sepsis-3 criteria and should have signs of macrophage activation syndrome 
or sepsis-induced immunoparalysis. Patients are classified as having macrophage 
activation syndrome if their ferritin concentration is >4420 ng/ml, and as having 
immunoparalysis if their ferritin concentration is ≤4420 ng/ml and they have <5000 
HLA-DR receptors/CD14-monocyte. The study is double-blind and double- dummy 
and patients are compared according to their allocation to the personalized immu-
notherapy arm and to the placebo immunotherapy arm.

The SAVE-MORE (suPAR-guided Anakinra treatment for Validation of the risk 
and Early Management Of seveRE respiratory failure by COVID-19) trial is the 
only RCT of precision treatment for COVID-19 available so far [31]. The rationale 
behind this RCT was to use suPAR as a selection tool to enroll patients with evi-
dence of early activation of the IL-1 cascade as described earlier. Study participants 
were adults with COVID-19 pneumonia in need of hospitalization, receiving oxy-
gen delivered through mask or nasal prongs, and with plasma suPAR ≥6  ng/
ml.  Patients were randomized to treatment with placebo and standard-of-care 
(n = 189) or anakinra and standard-of-care (n = 405). The study drug was adminis-
tered once daily subcutaneously for 10 days; the dose of anakinra was 100 mg. The 
standard-of-care included dexamethasone 6 mg once daily for 10 days. The primary 
endpoint was the 11-point of the World Health Organization Clinical Progression 
Scale (WHO-CPS) on day 28. The results showed that anakinra treatment was 
accompanied by a 0.36 odds (confidence intervals 0.26–0.50) for worse outcome 
than placebo treatment (p < 0.0001). Analysis of key secondary endpoints showed 
that anakinra treatment had a 0.62 hazard ratio compared to placebo for progression 
into severe respiratory failure or death during the first 14 days (p = 0.005). Anakinra 
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treatment increased the odds for full COVID-19 resolution by day 28 by 64% and 
decreased the odds for severe disease or death by day 28 by 54% [31]. These favor-
able results led to the approval of anakinra treatment by the European Medicines 
Agency for adults with COVID-19 requiring low or high flow oxygen who are con-
sidered at risk as defined by suPAR levels ≥6 ng/ml [32]. The treatment efficacy of 
anakinra was significantly greater than that of any other drug studied for COVID-19 
treatment. This example should be conceived as the real potential of precision 
treatment.

3.6  Conclusion

The background for future steps toward precision management of severe infection 
has already been set. The positive results of the SAVE-MORE RCT and the registra-
tion of anakinra guided by the suPAR biomarker provide evidence of how one preci-
sion approach may maximize clinical efficacy. We are not just in need of biomarkers 
that classify risk but of biomarkers that translate as indexes of the activation of 
specific immune pathways. Successful RCTs of treatments guided by these bio-
markers are anticipated to increase efficacy (Fig. 3.1).

Fig. 3.1 How the SAVE-MORE trial may guide the future of precision management of sepsis. 
The increase in soluble urokinase plasminogen activator receptor (suPAR) selects patients at risk 
or severe respiratory failure (SRF) through early interleukin (IL)-1 activation in coronavirus dis-
ease (COVID)-19 pneumonia. This selection guides treatment with anakinra. In a similar approach, 
patients with sepsis can be stratified into different immune endotypes, which may be recognized 
by specific biomarkers. This can guide specific immunotherapy aimed at modulating the precise 
immune mechanism. ↑ increase, ↓ decrease
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4Interrogating the Sepsis Host Immune 
Response Using Cytomics

R. B. Lindell and N. J. Meyer

4.1  Introduction

Sepsis, the syndrome of life-threatening organ dysfunction due to infection, affects 
an estimated 48 million people annually around the globe and is the most common 
cause of death in hospitals [1, 2]. Although sepsis is defined as a dysregulated host 
response to infection [3], our ability to discriminate adaptive and maladaptive 
immune response is limited. In most serious infections, there exists a complex inter-
play between pathogen-induced tissue injury, pathogen-directed host inflammation, 
injury resulting from host immune activation, and potential secondary infections 
due to impaired or exhausted immune defense. Simultaneous exuberant innate 
immune activation and hypofunctioning adaptive immune processes are frequently 
detected in septic individuals [4], and we lack clinical tools to quantify the balance 
between hyper- and hypo-inflammation [5]. In addition, we cannot confidently 
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ascertain which responses are necessary for microbial control and which may prop-
agate organ injury without influencing pathogen killing. This complexity, and the 
demonstrated heterogeneity in patient immune response, has contributed to a major 
void in specific pharmacotherapy for sepsis and prompted calls for immunopheno-
typing that might allow more precise therapeutic targeting [6].

Circulating blood cells offer a unique window to the immune response and reflect 
both innate and adaptive immune programs. They are relatively easy to obtain and 
suitable for repeat sampling, thus their trajectories can manifest the dynamic and 
evolving host response to infection and inflammation. Flow cytometry is the tech-
nique of measuring single cells within a suspension by directing a laser or light 
source at the fluid stream and separating cells by their physical properties such as 
size and intracellular complexity (granularity), along with fluorescence from chemi-
cals in the cells themselves or from fluorescent-conjugated antibodies to cellular 
antigens. Detectors capture the light and fluorescence emitted from cells, and the 
combination of light scatter and fluorescence categorizes cells with uniform size, 
scatter, and fluorescent features. Whereas early cytometers had only a single laser, 
modern cytometers combined 4, then 7, then 14 and higher numbers of lasers to 
facilitate characterization of more than 40 features [7]. This revolution in flow 
cytometry throughput in turn catalyzed an explosive growth in cellular identifica-
tion, improving recognition of immune cells and tumor cells in increasing detail. A 
technical limitation of flow cytometry has been the spectral overlap between fluoro-
phores, which could limit precise identification or constrain the dyes used together. 
In response, investigators developed mass spectrometry or cytometry by time-of- 
flight (CyTOF), a technique which replaces fluorescent antibodies with heavy metal 
isotopes that are not naturally occurring and that have unique mass spectrometry 
characteristics [7]. Approximately 60 heavy metal isotopes to date have sufficient 
purity and antibody conjugation chemistry to be studied in a single panel, greatly 
expanding the dimensionality of cellular characterization [7]. Although CyTOF 
applications in critical illness are still relatively infrequent [8], we expect applica-
tions to grow exponentially as the technology matures and costs decrease.

Peripheral blood profiling has limitations including the compartmentalization of 
immune reactions [9] and the inability of circulating cells to capture tissue-resident 
immune processes. Nonetheless, understanding which immune cells participate in 
the host response during sepsis may elucidate a clearer picture of regulated and 
dysregulated host response. In this chapter, we highlight the knowledge attained by 
cytometric profiling during adult and pediatric sepsis and propose key future 
research priorities to best harness this information.

4.2  Historical Focus on Immature Granulocytes in Sepsis

Long before the molecular era of medicine, hematopathologists had described the 
association between numeric and morphologic changes in peripheral blood leuko-
cytes and severe infections across the age spectrum. Elevated peripheral white blood 
cells and a shift to more immature neutrophils or “bands” were codified as part of 
the systemic inflammatory response syndrome (SIRS) criteria, although with 
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acknowledgement that SIRS could occur due to both infectious and non-infectious 
causes [10] and that sepsis can occur in the absence of SIRS [11]. As early as the 
1970s, investigators had demonstrated that hospitalized patients with infection, both 
pediatric and adult, were more likely to have immature neutrophils, toxic granula-
tion within neutrophils, and vacuolization of neutrophil cytoplasm on blood smear 
review [12]. Furthermore, when tested ex vivo, neutrophils from subjects with such 
morphological changes were more likely to have delayed bacterial killing and a 
higher proportion of neutrophils with visible intracellular bacteria [12], linking 
altered leukocyte morphology to impaired pathogen response. Along with the dis-
covery of inflammatory cytokines and chemokines that were highly expressed in the 
circulation of septic patients, a paradigm emerged that posited that sepsis repre-
sented unrivaled and uncontrolled inflammation [13].

With the rapid advances of flow cytometric techniques, applications to the granulo-
cyte fraction highlighted the shift to more immature neutrophil forms and significant 
heterogeneity among circulating leukocytes in sepsis. Neutrophils from hospitalized 
patients with sepsis were more likely to have reduced CD10 and CD16 expression 
compared to either uninfected outpatients or to patients with community- acquired 
infection but without SIRS, and the manual band count was correlated with CD10dim 
CD16dim neutrophils [14]. The antigen CD10 is not restricted to granulocytes—indeed, 
it is also known as acute lymphoblastic lymphoma antigen—but neutrophils express 
this antigen only in the latest stages of differentiation [15]. In addition, low or absent 
CD10 expression was shown to discriminate immature neutrophils in a study of donors 
treated with exogenous granulocyte colony stimulating factor (G-CSF), the growth fac-
tor most known for stimulating neutrophil production from the bone marrow. In con-
trast to mature CD10+ neutrophils, CD10− neutrophils exhibited immunostimulatory 
effects on CD4+ and CD8+ T cells, enhancing T cell proliferation, survival, and inter-
feron-gamma (IFNγ) production [15]. Neutrophils with CD10dim CD16dim expression 
persisted at 3 and 8 days after the onset of septic shock and non-survivors had a higher 
proportion of these cells compared to septic shock survivors [16]. In addition, neutro-
phils from patients with septic shock manifested altered function, with lower intracel-
lular myeloperoxidase and lactoferrin expression, reduced chemotaxis, and impaired 
phagocytosis [16], suggesting that immune dysregulation in sepsis involves both 
immune stimulation and defective immune functions.

More recently, a class of granulocytes that has a density closer to monocytes, and 
thus separates with the peripheral blood mononuclear cell fraction when using den-
sity gradient separation, has been described. These ‘low density neutrophils (LDN)’ 
express markers that classically identify granulocyte origin (CD15) and suppress T 
cell proliferation through the elaboration of arginase which downregulates the T cell 
receptor zeta-chain expression [17, 18]. Given their suppressive effect on T cell 
effector function, these cells are known as granulocytic myeloid derived suppressor 
cells (gMDSC), and they seem to be especially upregulated in sepsis compared to 
comparably critically ill controls [18]. In addition, gMDSC express high levels of 
arginase- 1 and neutrophil degranulation markers, many of which contribute to a 
transcriptomic phenotype corresponding to plasma protein hyperinflammation dur-
ing acute respiratory distress syndrome (ARDS) [19]. Thus, gMDSC/LDN are a 
unique class of cells that may contribute to both arms of the dysregulated immune 
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response in sepsis, innate inflammation with neutrophil degranulation, and suppres-
sion of T cell effector function.

4.3  Compensatory Anti-Inflammatory Response and Sepsis 
Immune Paresis

The past 25 years have witnessed an increasing focus on the downregulated aspects 
of immune function during sepsis, sometimes termed sepsis immune paresis or the 
compensatory anti-inflammatory response [13, 20]. Building from animal studies in 
which significant lymphoid apoptosis was observed in models of uncontrolled 
infection, investigators leveraged rapid autopsy studies to demonstrate that septic 
patients frequently had at least focal apoptosis in the spleen and colon [21]. Striking 
lymphopenia was often observed in patients with sepsis, and persistent lymphope-
nia beyond day 4 predicted a higher risk of death [22]. Applying flow cytometry, 
studies demonstrated that exogenous endotoxin, which typically stimulates an 
increased density of human leukocyte antigen-DR isotype (HLA-DR), a ligand for 
the T-cell receptor, on monocytes, failed to stimulate monocyte HLA-DR (mHLA-
 DR) expression in patients with sepsis or following severe trauma [23]. Elegant 
studies used endotoxin to stimulate ex vivo peripheral white blood cells collected 
from patients with sepsis and demonstrated that the monocytes lacking HLA-DR 
were also deficient in antigen-presenting capacity and in producing inflammatory 
cytokines, such as tumor necrosis factor alpha (TNF-α), in response to endotoxin 
[24]. In many ways, the monocytes from human subjects with sepsis seemed to 
resemble cells that had been desensitized with repeated doses of endotoxin [24], and 
CD14-expressing (monocytic) cells with HLA-DRdim expression are sometimes 
termed monocytic MDSC.

Monneret and colleagues profiled more than 90 subjects with septic shock and 
observed that whereas the proportion of low mHLA-DR cells was similar between 
survivors and non-survivors at admission, the persistent expression of fewer than 
30% mHLA-DR+ cells after 48 h was strongly associated with mortality [25]. Since 
this pivotal early work establishing mHLA-DR as a potential marker for sepsis 
immunosuppression, it has remained a strong candidate to identify subjects in real 
time with immune deficits. In an early phase 2 precision medicine sepsis trial, sub-
jects with sepsis and confirmed low mHLA-DR were randomized to placebo or a 
daily dose of granulocyte-macrophage colony-stimulating factor (GM-CSF) for 
8 days. Subjects randomized to GM-CSF restored their mHLA-DR expression and 
in vitro/ex vivo endotoxin-stimulated cytokine production [26]. GM-CSF-treated 
subjects also had improved severity of illness scores and shorter duration of mechan-
ical ventilation, though the trial was not powered for clinical outcomes [26]. Larger 
trials in unselected patients with acute respiratory failure did not reproduce these 
findings [27], leaving many to wonder whether limiting the drug to those with low 
mHLA-DR might have been more effective. The expression of mHLA-DR remains 
a strong candidate for identifying sepsis immunosuppression in real time and newer 
trials may use this marker as a criterion for entry.
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4.4  Lymphocyte Activation and Exhaustion

The past 5 years have brought more of an appreciation that rather than a compensa-
tory anti-inflammatory response following immune hyperactivity, both hyperactiva-
tion and immunosuppression occur simultaneously, across different cell types and 
in different compartments [4, 9]. A focused interrogation of the B lymphocyte frac-
tion demonstrated that this population undergoes specific depletion of memory B 
cells through activation-associated apoptosis pathways [28]. The significance of this 
finding is that in order to preferentially restore B cell function, a strategy may need 
to not only restore the number of B-cells but also expand or replenish the memory 
cell pool, which could necessitate antigen challenge [28].

A potential link between excessive activation and another aspect of lymphocyte 
dysregulation, exhaustion, is also observed in the T cell fraction. In a prospective 
study of subjects with sepsis compared to those with non-infectious critical illness, 
and with healthy controls, the T lymphocytes from patients with sepsis demon-
strated increased markers of activation and of exhaustion [29]. Both B- and CD4+ 
T-lymphocytes from patients with sepsis seem to overexpress the exhaustion marker 
programmed death 1 (PD-1) and its ligand PD-L1 [30], and T-lymphocytes also 
have been shown to overexpress inhibitory markers such as T-cell immunoglobu-
lin and mucin domain-containing protein-1 (TIM-1), lymphocyte activation gene 3 
(LAG-3), and cytotoxic T-lymphocyte-associated protein 4 (CTLA4) [29]. At the 
same time, populations of hyperactivated, proliferating T cells have been identified 
in adult and pediatric sepsis [31, 32].

Coronavirus disease 2019 (COVID-19) also focused attention on T cell hyperacti-
vation as a potential marker for more severe immune dysregulation. High dimensional 
flow cytometric profiling of subjects highlighted considerable heterogeneity in the 
immune response even among hospitalized patients with COVID-19 [33]. Whereas 
some patients displayed almost no activation of B- or T-lymphocytes, others exhibited 
dramatic CD4+ and CD8+ T lymphocyte activation and proliferation, and the inte-
grated immunotype characterized by this activation was associated with severity of 
illness, greater need for respiratory support, and higher mortality [33]. Pediatric sub-
jects with multisystem inflammatory syndrome in children (MIS-C) also demon-
strated highly activated T-lymphocytes [34], although with particular activation in the 
‘vascular patrolling’ CX3CR1+ CD8+ T cell population that was not observed in hos-
pitalized adult patients with acute COVID-19 [33]. Because the poor prognosis immu-
notype of acute COVID-19 was dominated by highly activated T cells but also 
enriched in exhaustion markers including PD-1 [33], there is strong interest in under-
standing better the relationship between T cell exhaustion and activation.

The mechanism by which these critically ill patients develop T cell hyperactiva-
tion is unknown, which limits our ability to deploy precision immunotherapeutics 
for these patients. Early in critical illness, T cell hyperactivation can occur via two 
distinct mechanisms: antigen-dependent activation via T cell receptor signaling 
[35], or a dysregulated, antigen-independent ‘bystander’ activation [36], as shown 
in Fig. 4.1. In a precision medicine paradigm for sepsis, different approaches to 
immune modulation could be indicated based on the antigen-specificity of the T cell 
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Fig. 4.1 Potential utility of cytometric profiling to understand the sepsis immune response. Peripheral 
blood leukocytes from patients with sepsis can be assayed by either flow cytometry or mass cytometry 
(cytometry by time-of-flight [CyTOF]) to understand cell populations and, via their expression patterns, 
their degree of activation or exhaustion. Along with plasma protein analysis which could inform about 
cytokine elaboration, immune cell profiling might detect the source of inflammatory proteins and iden-
tify specific deleterious patterns. Cytotoxic T cell activation, which is associated with poor outcomes in 
sepsis and COVID-19 and contributes to tissue damage, may be due to antigen-driven processes that are 
necessary for pathogen control, or it may result from bystander activation. Discriminating between these 
patterns may be essential to best design strategies to intervene in pathologic activation yet preserve patho-
gen clearance. TNF tumor necrosis factor, IL interleukin, IFN interferon, MCP monocyte chemoattrac-
tant protein, PFN perforin, GzmB granzyme B, TCR T-cell receptor. Figure created with BioRender.com
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response. Antigen-specific hyperactivated responses might improve pathogen clear-
ance, and thus we might attempt to preserve this activation. In contrast, bystander 
activation might drive off-target tissue injury, and a precision paradigm might try to 
blunt such activation. If we could use cytometric profiling to distinguish these pat-
terns of T-cell hyperactivation, more precise immunomodulation might be possible.

4.5  Pediatric Sepsis: Cytomics in the Developing 
Immune System

Since pediatric-specific criteria for sepsis were defined in 2005 [37], the burden of 
sepsis in children has been studied extensively [38, 39]. Although less prevalent 
than adult sepsis, pediatric sepsis is the leading cause of death of hospitalized chil-
dren worldwide [1]. Sepsis incidence and outcomes vary dramatically by age and 
comorbidities, with younger children [39], immunocompromised children [40, 41], 
and children who develop immune dysfunction in the setting of sepsis [42] repre-
senting the highest risk clinical phenotypes.

As in adults, sepsis in children is characterized by concurrent pro- and anti- 
inflammatory states with dysregulation of the innate and adaptive immune 
responses to infection [37]. Mirroring translational investigations in adults, pediat-
ric sepsis research has increasingly focused on defining the molecular biology of 
the disease. Many pediatric patients with sepsis develop innate and adaptive 
immune dysfunction, which is typically referred to as “immune paralysis” [43, 44] 
and can be identified by impaired whole blood ex vivo TNF-α and IFNγ production 
capacity in response to antigen stimulation. Immune paralysis in pediatric sepsis is 
associated with secondary infection, persistent organ dysfunction [42], and mortal-
ity [40, 41, 45]. Mitochondrial dysfunction is a hallmark of this sepsis-associated 
immune suppression and has been associated with organ failure in both pediatric 
and adult sepsis [46].

In contrast to these functional assays, cellular and molecular approaches to 
immune profiling have also been applied to cohorts of pediatric sepsis patients 
with the goal of identifying sepsis subphenotypes that could be amenable to pre-
cision therapy. Using clinical characteristics and candidate biomarkers, inves-
tigators have identified three major inflammation subphenotypes in pediatric 
sepsis patients: immune paralysis (characterized by persistent antigen stimulation, 
decreased mHLA-DR expression, and decreased cytokine production in the set-
ting of mitogen stimulation), sequential multiple organ failure (characterized by 
respiratory and liver failure, and oligogenic mutations in FAS/FAS ligand), and 
thrombocytopenia- associated multiple organ failure (characterized by hemolysis, 
thrombocytopenia, and oligogenic mutations in complement or ADAMTS13 sig-
naling) [47]. Investigators studying the adaptive immune response in pediatric sep-
sis have employed unsupervised clustering of bulk transcriptomics data to identify 
two major subclasses of sepsis driven primarily by differences in T cell and B cell 
receptor signaling pathways [48]. These subclasses have been shown to have dif-
ferential response to corticosteroid administration [49], and hospital mortality is 

4 Interrogating the Sepsis Host Immune Response Using Cytomics



46

substantially increased in the subgroup with downregulated signaling [48]. Finally, 
investigators have recently employed flow cytometry and metabolomics to dem-
onstrate an association between T cell immunometabolic dysregulation and other 
markers of immune paralysis in a pilot study of pediatric sepsis patients [31].

In recognition of the association between immune dysfunction and clinical out-
comes in pediatric sepsis, the most recent guidelines for monitoring organ dysfunc-
tion in pediatric critical illness specifically highlighted the need to develop 
capabilities for clinical monitoring of immune dysfunction in the pediatric inten-
sive care unit (ICU) [50]. Because the pediatric immune system exhibits remark-
able biologic heterogeneity driven by host characteristics, infectious exposures, 
and pubertal status among other factors, future research searching for a ‘treatable 
trait’ in pediatric sepsis patients with immune dysregulation will require a detailed 
understanding of the developing pediatric immune system in both health and 
disease.

4.6  Conclusion

Sepsis remains a critical threat to the health of adults and children worldwide. In the 
search for markers of dysregulated host immune reactions to infection, cytometric 
profiling of circulating leukocytes has yielded potential candidates to identify both 
hyperactive and hypofunctioning immune responses. If precision immunomodula-
tory approaches are to be successful, validated tools that reliably identify favorable 
and maladaptive patterns will be essential. Clinical trials are encouraged to collect 
peripheral blood leukocytes to enable discovery and validation of the most reliable 
cytometric features. Future research could focus on whether these markers, if deter-
mined prospectively, might act as enrichment tools to select patients at high risk for 
poor outcomes or with a differential therapeutic response.
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5Precision Medicine in Septic Shock

L. Chiscano-Camón, J. C. Ruiz-Rodriguez, and R. Ferrer

5.1  Introduction

Septic shock needs appropriate, protocolized care, as recommended most recently 
in the latest version of the Surviving Sepsis Campaign (SSC) guidelines published 
in 2021 [1]. The implementation of the SSC recommendations and bundles is asso-
ciated with a substantial mortality reduction [2]. However, mortality from sepsis 
remains inappropriately high [3].

Specific subgroups of patients who do not respond to conventional therapy may ben-
efit from other therapies, which can be considered as rescue strategies. The current con-
sensus definition of sepsis—“life-threatening organ dysfunction caused by a dysregulated 
host response to infection”—is broad, reflecting the intrinsic heterogeneity of the dis-
ease [4]. The source of this heterogeneity is multifaceted: infection etiologies vary, indi-
vidual host comorbidities and genetics are unique, and the timeliness of diagnosis and 
treatment differ from patient to patient. These factors not only impact the evolution of 
sepsis at the individual patient level but also their responses to a therapeutic intervention. 
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Seymour et al., using a large database, described four sepsis phenotypes with different 
demographics, laboratory values, and patterns of organ dysfunction that were shown to 
correlate with biomarker concentrations and mortality [5]. Patients with a high risk of 
clinical deterioration could also profit from more specific or individualized therapies [6]. 
This raises the need for so-called precision medicine. Precision medicine permits health-
care interventions to be tailored to groups of patients based on their disease susceptibil-
ity, diagnostic or prognostic, as well as their treatment response. The use of omics 
technology is a key element to identify these subgroups of patients.

We propose a translation of precision medicine to sepsis to try to personalize the 
management of patients with septic shock and identify different endotypes or sub-
groups of patients, based on biological differences that will make them more homoge-
neous in terms of evolution, symptoms, and response to specific treatments (Table 5.1).

Table 5.1 Clinical applicability of precision medicine strategies in refractory septic shock based 
on detection of subgroups of patients, either early by gene expression to identify mediators on 
which to act (omics therapy), or later once the patient is moving toward a situation of being refrac-
tory to conventional measures and rescue treatment can be applied (hemoadsorption, metabolic 
resuscitation, other vasopressors)

Precision medicine strategies Target (s) Clinical application
Omics technologies Genomics and 

epigenomics
Genetic variants Prognosis, severity
Genotypes Susceptibility to sepsis

Transcriptomics Gene expression, 
activity and regulation

Susceptibility to sepsis

Sepsis response 
signatures

Severity, prognosis

Metabolomics Small molecules 
produced by cells

Prognosis

Metabolomic profile Response to treatment
Proteomics Proteins expressed by 

the genome under 
certain conditions

Diagnosis, prognosis

Biomarkers Diagnosis, prognosis
Immunoglobulins Immunoglobulin 

levels
Sepsis-associated 
hypogammaglobulinemia

Hemoadsorption High endotoxemia Endotoxemia Rescue therapy
Severe 
hypercytokinemia

Cytokine levels Rescue therapy

Sequential 
hemoadsorption

Endotoxin and 
cytokine 
hemoadsorption

Rescue therapy

Non-catecholaminergic vasopressors Vasopressin
Selepressin
Terlipressin
Methylene blue
Angiotensin II

Catecholamine sparing 
agent
Rescue therapy

Metabolic resuscitation HAT therapy 
(hydrocortisone, 
ascorbic acid, 
thiamine)
Hydroxocobalamin

Restoring mitochondrial 
damage
Rescue therapy
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5.2  Omics Technologies

High-throughput omics technologies may revolutionize medical practice by aiding 
implementation of precision and personalized medicine approaches to tailor diag-
nostic, therapeutic, and monitoring strategies for individual patients based on their 
genetic and molecular signatures. Understanding the molecular sepsis signature of 
a patient will likely be crucial to improving the treatment of sepsis. These technolo-
gies have been used in recent years to identify various evolutionary patterns in reac-
tion to different therapies in septic shock. They include omic platforms and novel 
bioinformatics techniques, notably genomics and epigenomics (study of genes and 
their roles), transcriptomics (study of the transcriptome of a specific cell or tissue in 
a certain circumstance, centered on the analysis of gene expression profiles), metab-
olomics (pattern analysis of molecules created by cells), and proteomics (set of all 
proteins expressed by the genome of a cell, tissue, or organism at a specific time and 
under particular conditions). These technologies can identify different endotypes or 
phenotypes indistinguishable clinically at the bedside but which may react differ-
ently to specific treatments [7]. These technologies can also be used to detect mol-
ecules at which therapies can be targeted in patients refractory to conventional 
therapy.

Most studies in this context have been directed toward patients in early stages 
of infection without sepsis; however, some describe a septic shock setting. For 
example, using transcriptomics, Wong et al. [8] performed genome-wide expres-
sion profiling using whole blood-derived RNA from 98 children with septic 
shock and found three subclasses of patients: A, B, and C. Patients in subclass 
A were characterized by suppression of genes corresponding to adaptive immu-
nity and glucocorticoid receptor signaling. Subclass A patients had higher dis-
ease severity and mortality ratio than patients in subclasses B and C.  Using 
metabolomics, Ferrario et al. analyzed the variations in lipid homeostasis that 
arise during sepsis progression [9]. Plasma samples from 20 patients with septic 
shock were analyzed on days 1 and 7 of sepsis progression. The authors identi-
fied 137 metabolites, several of which were distinct between survivors and non-
survivors. Lysophosphatidylcholine (LPC) and phosphatidylcholine were 
present in smaller concentrations in non- survivors than in survivors on days 1 
and day 7. Using regression models, the lowest levels of LPC on day 7 were the 
best prognosticator of mortality. Using proteomics, Punyadeera et al. [10] stud-
ied 16 critically ill patients and observed that a mixture of various proteins 
(interleukin-1 alpha [IL-1α], interferon gamma-induced protein 10 [IP-10], 
soluble tumor necrosis factor receptor 2 [sTNF-R2], and soluble cell death 
receptor [sFAS]) were associated with the progression of sepsis to septic shock 
[10]. Bauzá-Martínez et al. [11] reported a larger number of circulating peptides 
in patients with septic shock than in sepsis patients or non-hospitalized healthy 
subjects. The peptide count in patients with septic shock was higher in non- 
survivors than in survivors, suggesting an association between the magnitude of 
proteolysis and outcome [11].
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5.3  Treatments for Specific Endotypes of Patients 
with Septic Shock

Currently, we can identify different sepsis endotypes, with a distinct functional or 
pathobiological mechanism, as candidates for a precision medicine approach.

5.3.1  Hypogammaglobulinemia

The pathogenesis of septic shock is linked with dysregulation of the innate and 
adaptive immune systems. The altered mechanism in the adaptive immune system 
is the function of antibodies and immunoglobulins [12]. As hypogammaglobu-
linemia is associated with greater mortality in sepsis, it has been considered as a 
marker for a potential subgroup of patients for immunoglobulin treatment [13].

Although the definition of hypogammaglobulinemia is not established, low con-
centrations of gammaglobulins (IgG) can be defined as values less than 500 mg/dl 
in individuals older than 5 years or 2 standard deviations below reference values for 
age [14]. Hypo-IgG, especially on the day of diagnosis and the subsequent 48 h, is 
linked with an augmented hazard of severe illness, a greater risk of acute respiratory 
distress syndrome (ARDS), and a longer duration of shock [15, 16]. In addition, a 
synergistic role of IgG, IgM, and IgA has been reported in sepsis and septic shock 
[17]. The shared existence of low concentrations of endogenous IgG, IgM, and IgA 
in plasma is related to reduced survival in patients with septic shock [18].

Polyvalent intravenous immunoglobulins embody a rational approach to modu-
late pro-and anti-inflammatory responses [19]. In adults with sepsis, the use of 
IgM/A-enriched intravenous immunoglobulin was associated with positive results 
[20]. A recent meta-analysis of 19 trials and >1500 patients showed a marked 
decrease in mortality when using IgM- and IgA-enriched intravenous immunoglob-
ulin compared to human albumin solution or no treatment [21]. Although, the eligi-
bility criteria for treatment with polyvalent intravenous immunoglobulin and the 
best treatment strategy need to be better defined, administration of a single dose of 
polyclonal IgG of 1 or 2 g/kg has been recommended (level of evidence 2C) [22].

Standard administration of intravenous immunoglobulin in patients with sepsis 
is not recommended, as stated in the 2021 SSC guidelines [1]. Patients with hypo-
gammaglobulinemia respond better to treatment [23] and may profit. More studies 
are desirable, especially in those with hypogammaglobulinemia.

5.3.2  Endotoxemia

Endotoxin is a lipopolysaccharide (LPS) present in the outer membrane of Gram- 
negative bacteria and is one of the best samples of pathogen-associated molecular 
patterns (PAMPs). Its presence results in an increase in pro-inflammatory and anti- 
inflammatory cytokines [24], enhancing the immune response and facilitating sepsis.

L. Chiscano-Camón et al.



53

Endotoxin activity has been found to be a useful marker of disease severity as the 
lipid-A domain of endotoxin is responsible for most of the toxicity associated with 
LPS, typified by fever, diarrhea, hemodynamic instability, multiple organ failure, 
and death [25]. An early study emphasized the clinical significance of circulating 
levels of LPS, showing a substantial correlation between plasma endotoxin concen-
trations and severity of septic shock, organ dysfunction, and mortality [26]. The 
occurrence of endotoxemia in patients with septic shock was elevated, and up to 
82% of patients had medium or high endotoxin activity [27] showing much higher 
lactate concentrations and inotropic score values.

In human disease, the measurement of endotoxin is extremely difficult. Since 
2004, measurement of endotoxemia in humans has been made using the Endotoxin 
Activity Assay (EAA), a chemiluminescent rapid 30  min assay described by 
Romaschin in 1998 [28]. Results are expressed in EAA units, with values ≤0.39 
considered low, 0.40–0.59 intermediate, and ≥0.60 high.

Endotoxin has been considered as one of the therapeutic objectives for sepsis and 
septic shock. Removing endotoxin through blood purification techniques and, spe-
cifically, by hemoadsorption has been suggested. Adsorption with a fiber column 
immobilized with polymyxin B (PMX; Toraymyxin®; Toray, Tokyo, Japan), is one 
of the best-known endotoxin removal therapies; another is the oXiris® hemofilter 
(Baxter, Meyzieu, France). Four clinical trials have assessed the usefulness of endo-
toxin hemoadsorption in septic shock. In a multicenter, open-label, pilot, random-
ized controlled trial (RCT) performed in Europe, 36 postsurgical patients with 
severe sepsis or septic shock secondary to intra-abdominal infection were random-
ized to receive PMX treatment for 2 h (n = 17) or standard therapy (n = 19) [29]. 
There were no statistically differences in endotoxin levels from baseline to 6, 8, or 
24 h after treatment in the two groups. Five of 18 (28%) patients in the control group 
and 5 of 17 (29%) in the PMX group died during the study period; the survival 
analysis showed no statistical significance between the groups. There was no statis-
tically significant difference in the mean duration of intensive care unit (ICU) stay 
or the number of ICU-free days between the groups. However, patients treated with 
PMX had substantial increases in cardiac index and oxygen delivery index, and the 
need for continuous renal replacement therapy (CRRT) after study entrance was 
decreased. PMX was well tolerated and demonstrated no significant adverse effects. 
This study demonstrated that the PMX cartridge is safe and may alleviate cardiac 
and renal dysfunction due to sepsis or septic shock. The Early Use of Polymyxin B 
Hemoperfusion in Abdominal Septic shock (EUPHAS) trial [30] assessed hemoper-
fusion with PMX compared to conventional therapy in a small sample of 64 patients 
with intra-abdominal infection-related severe sepsis and septic shock. The study 
was oriented to assess hemodynamic recovery. The improvement in mean arterial 
pressure (MAP) permitted the reduction of doses of vasoactive drugs in the PMX 
group. Sequential organ failure assessment (SOFA) scores improved in the PMX 
group. Additionally, a significant decrease in 28-day mortality was noted in the 
intervention group (32%) compared to the standard treatment group (53%). The 
ABDOMIX trial [31] studied 243 patients with septic shock within 12  h after 
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emergency surgical treatment for secondary peritonitis due to organ perforation. 
Patients receiving hemoperfusion with PMX (119 patients) received conventional 
therapy plus two sessions of PMX hemoperfusion. There were no significant differ-
ences in the SOFA score or the 28-day mortality rate between the PMX and control 
groups (27.7% vs. 19.5%). The severity of disease and mortality rates were low in 
the study population. Among the 220 sessions performed, early interruption was 
observed in 25 cases (11%), mostly during the first session and mainly due to circuit 
coagulation. The two PMX hemoperfusion sessions were achieved in only 81 of 119 
patients (69.8%). Of note, plasma EAA levels were not measured in any of the 
RCTs previously discussed.

A recent review [32] analyzing a Japanese database of patients with septic shock 
who received PMX hemoperfusion demonstrated a survival benefit of this treat-
ment, as well as an increased number of ventilator-, CRRT-, and vasoactive drug-
free days following early improvements in organ dysfunction.

The Euphrates trial [33] is one of the RCTs with the greatest sample of patients. 
This trial analyzed 450 critically ill patients with septic shock and an EAA level 
of ≥0.6. The intervention involved two PMX hemoperfusion treatments 
(90–120 min) plus standard therapy, completed within 24 h of enrollment (n = 224 
patients) or sham hemoperfusion as well as standard therapy (n = 226 patients). 
PMX hemoperfusion was not associated with a significant difference in 28-day 
mortality. However, Klein et al. completed a post hoc study of 194 of the patients 
with EAA values between 0.6 and 0.89 and observed an improvement in survival 
in patients who received therapy with PMX [34]. Monti et al. [35] published the 
first study describing the use of PMX hemoperfusion as rescue therapy in 52 
patients with refractory septic shock not responding to standard therapy. The 
SOFA score was 10 (8–14) and serum lactate was 5.89 ± 4.04 mmol/l. All patients 
were receiving mechanical ventilation and 90% were receiving corticosteroids. 
Quick reversal of circulatory dysfunction and other organ failure was achieved. 
The 30-day mortality was lower (29%) than projected by the SAPS II score (47%). 
Recently, Shoji et al. [32], in a review of recent studies, demonstrated a survival 
benefit of PMX hemoperfusion; an increase in the number of ventilator-free days, 
renal replacement-free days, and norepinephrine-free days was observed in 
patients treated with PMX hemoperfusion. These studies provide important 
insight into the patient population likely to benefit from PMX hemoperfusion, i.e., 
those with higher levels of endotoxemia.

It seems reasonable to consider patients with refractory septic shock and severe 
multi-organ dysfunction, who have had adequate control of the infectious focus 
and have an EAA of 0.6–0.9 as potential candidates for endotoxin hemoadsorp-
tion. The ongoing TIGRIS study [36] is enrolling patients with EAA levels 
between 0.60 and 0.89 and randomizing them to PMX hemoperfusion or standard 
medical care. The results of this study will provide more data on the possible 
benefits of endotoxin hemoadsorption in patients with septic shock and multi-
organ dysfunction.
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5.3.3  Hypercytokinemia

Sepsis occurs when the initially appropriate host response to infection becomes 
amplified and subsequently dysregulated, leading to an imbalance of pro- 
inflammatory and anti-inflammatory responses [37]. An overabundance of pro- 
inflammatory cytokines can lead to endothelial injury and systemic inflammatory 
response syndrome.

A tightly regulated equilibrium of the cytokine web is vital for eliminating inva-
sive pathogens on the one hand and restricting tissue-damaging inflammation on the 
other. Various studies have suggested an association of IL-6 hypercytokinemia with 
organ dysfunction, response to treatment, and prognosis in sepsis. Kellum et  al. 
found that 82% of patients with community-acquired pneumonia had a systemic 
increase in cytokine levels [38]. Moreover, patients with greater levels of IL-6 and 
IL-10 had associated severe organ dysfunction and higher mortality [39]. Patients 
who survive sepsis show a rapid decline in IL-6 levels, in comparison to the slow 
and gradual decrease in non-survivors [40]. Thus, the decrease in IL-6 concentra-
tions is associated with a better prognosis [41], and IL-10 overproduction is the 
most important predictor of severity and mortality [42, 43].

Extracorporeal blood purification therapies have been suggested as an approach 
to improve the outcome of septic patients, lessening the systemic expression of pro- 
inflammatory and anti-inflammatory mediators and rebuilding immune homeostasis 
[39]. Presently, there are several methods available for cytokine adsorption: 
Cytosorb, oXiris, Alteco LPS Adsorber (Alteco Medical, Lund, Sweden), and HA 
330 and 380 (Jafron, Zhuhai City, China). The most commonly used cartridge and 
the one for which most data are available is CytoSorb® (CytoSorbents Corporation, 
Monmouth Junction, NJ, USA).

Several observational studies have suggested the clinical advantages of using 
Cytosorb® in septic shock to reduce vasopressor support and even mortality. 
Friesecke et  al. studied 20 consecutive patients with refractory septic shock and 
hypercytokinemia after 6 h of basic treatment. Refractory septic shock was defined 
as progressive shock despite full-standard therapy, lactate concentrations 
≥2.9 mmol/l (or increased compared to baseline), and high norepinephrine require-
ments (>0.3  μg/kg/min). The average IL-6 levels were 25,523  ng/ml 
(1052–491,260 ng/ml). In this study, Cytosorb® use was associated with a substan-
tial decrease in norepinephrine requirements and an increase in lactate clearance, 
which resulted in shock resolution in 13 patients [44]. In a case series of 45 patients 
with septic shock treated with hemadsorption, Paul et al. defined a significant vaso-
pressor dose decrease (norepinephrine 51.4%, epinephrine 69.4%, and vasopressin 
13.9%) [45]. Likewise, a reduction in IL-6 levels (52.3%) and lactate levels (39.4%) 
was detected in the survivors. A survival rate of 75% was reported in patients who 
received treatment within 24 h of admission to the ICU. Patients who had treatment 
within 24–48 h after ICU admission had a survival rate of 68%. In a retrospective 
study performed by Brouwer et al., Cytosorb® was associated with decreased 28-day 
all-cause mortality in patients with septic shock [46].
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Scientific data on the clinical advantages of cytokine elimination obtained from 
RCTs are limited. Hawchar et al. performed a proof-of-concept, prospective, ran-
domized pilot trial of use of Cytosorb® in 20 patients with early onset septic shock. 
A major reduction in the need for vasopressor support was observed. In the control 
group, this difference was not achieved with standard therapy [47]. Rugg et al. com-
pared patients with septic shock who received CytoSorb® in addition to CRRT 
(n  =  42) versus matched controls (n  =  42). Median catecholamine requirements 
approximately halved within 24 h after the initiation of Cytosorb®. In-hospital mor-
tality was significantly lower in the CytoSorb® group (35.7% vs. 61.9%; p = 0.015) 
[48]. Neither of the above studies reported plasma cytokine levels prior to the initia-
tion of the hemoadsorptive technique.

Cytokine hemadsorption may have a position as a rescue therapy in a particular 
subgroup of patients with refractory septic shock, hyperlactatemia, multi-organ fail-
ure, and very high hypercytokinemia. Well-designed RCTs should be performed in 
patients with this clinical picture to validate its advantages.

5.3.4  Sequential Hemadsorption

Current practice has demonstrated that hemadsorption helps recovery of immune 
homeostasis. However, in particular patients, endotoxin-only adsorption may be 
insufficient [49]. Endotoxemia and the overproduction of inflammatory mediators, 
in the form of a cytokine storm, are associated with the severity of sepsis and septic 
shock and determine prognosis [50]. Sequential hemadsorption (endotoxin hemad-
sorption with PMX, Toraymyxin®, and subsequent cytokine hemadsorption with 
Cytosorb®) has been applied in highly selected patients [51]. Precision medicine has 
allowed for a better selection of individuals according to their phenotypic and 
genetic profile to identify patients who could benefit from sequential hemadsorption 
(cytokine and endotoxin hemadsorption). Sequential hemadsorption is intended to 
remove the primary stimulus that induces the dysregulated inflammatory response. 
The candidates for sequential hemadsorption are patients with refractory septic 
shock, multi-organ dysfunction, high endotoxemia, and hypercytokinemia 
(extremely high levels of IL-6). Realtime monitoring of plasma cytokines (IL-6, 
IL-10) can guide clinicians to withhold therapy [52].

Hybrid therapies, such as the mixed use of endotoxin hemadsorption and cou-
pled plasma filtration in a single circuit [53], have been examined in a specific group 
of post-cardiac surgery patients with sepsis and EAA levels ≥0.6. However, some 
investigators did not include patients with high vasopressor requirements and acute 
severity scores in their analyses. The presence of adequate source control and the 
severity profile of patients should be studied before using hybrid hemadsorption as 
adjunctive therapy.

In addition to sequential techniques, novel advances have shown the scientific 
community that complementary hemadsorption strategies are plausible to achieve 
homeostasis, and are safe with no adverse effects.
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5.4  Non-catecholaminergic Vasopressors

There are situations in which, despite the initiation of high-dose catecholaminergic 
vasoactive therapy, it is not possible to achieve a MAP ≥65 mmHg. In hemody-
namic terms, this tends to be called refractory septic shock, and although there is 
not a universally established definition, a dose of norepinephrine >0.5 μg/kg/min is 
generally considered the cut-off value; these patients have a mortality rate between 
50 and 94% [54]. There are, however, so-called non-catecholaminergic agents, 
which act as sparing vasoactive agents. Here we present some of them cur-
rently in use.

5.4.1  Vasopressin

Arginine vasopressin is a non-catecholaminergic vasopressor hormone released by 
the posterior pituitary in response to hypotension and hypernatremia. It acts through 
a family of receptors: V1a, V1b, V2, oxytocin (vasodilator), and purinergic recep-
tors (of limited importance in sepsis). Vasopressin induces synthesis of nitric oxide 
(NO), which paradoxically can limit vasoconstriction, while preserving kidney per-
fusion; it can also induce some degree of cardiac depression. Activation of the V1a 
receptor occurs at the level of vascular smooth muscle and is independent of the 
action of catecholamines, which explains why vasopressin complements norepi-
nephrine in refractory shock situations. On the other hand, in certain septic shock 
situations, vasopressin deficiency has been observed in relation to a depletion of 
hormone stores and inadequate synthesis and release at the level of the hypothalamic- 
pituitary axis [55]. In several RCTs, infusion of low doses of vasopressin 
(0.01–0.04 U/min), increased MAP and decreased the need for norepinephrine [56, 
57]. In the VASST [58] study, 778 patients with septic shock and receiving at least 
5 g/min of norepinephrine were randomized to receive vasopressin (0.01–0.03 U/
min) or increasing doses of norepinephrine. In general, no differences were observed 
in mortality at 28 or 90 days. The rate of adverse events was also similar. But in the 
subgroup of patients with less severe septic shock (those receiving norepinephrine 
doses <15 g/min), longer survival was seen in the vasopressin arm. More recently, 
the VANISH study [59] compared the effects of vasopressin vs. norepinephrine ± 
hydrocortisone in 409 patients with septic shock. Although there were no significant 
mortality differences between the groups, use of vasopressin reduced the need for 
renal replacement therapy (RRT). Both these studies showed a sparing effect on 
catecholamines; therefore, the early use of vasopressin in combination with norepi-
nephrine can help reduce the adrenergic load associated with traditional vasoactive 
agents. In a recent meta-analysis of four RCTs [60] comparing vasopressin with 
other vasopressors, vasopressin reduced the requirement for RRT. There are still 
controversies involving vasopressin use, specially directed to practical consider-
ations (when to start, which dosage, and when to discontinue), which are elegantly 
cited by Der-Nigoghossian et  al. [61]. Vasopressin was approved in 2021 by the 
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European Medicines Agency for use in adult septic shock refractory to catechol-
amines. The latest SSC recommendations suggest adding vasopressin instead of 
scaling norepinephrine above 0.25–0.5 g/kg/min when it is not possible to reach a 
MAP ≥ 65 mmHg (weak recommendation, moderate quality of evidence) [1]. It 
should be considered that it is not only the dose of norepinephrine that is a trigger 
to start vasopressin, but also the trend to increasing doses of catecholaminergic 
drugs [62].

5.4.2  Selepressin

Selepressin is a selective vasopressin type 1A (V1A) receptor agonist and may 
be a valid option in the field of refractoriness to conventional catecholaminergic 
drugs, but few clinical data support its administration in this setting. Antonucci 
et al. [63] reviewed 17 articles, only two of which were in humans, and concluded 
that there may be some beneficial findings, specifically in patients with associated 
renal dysfunction. Regarding those human studies, a phase 2a randomized, double-
blinded, placebo-controlled multicenter trial investigated the efficacy of selepressin 
in patients with early septic shock and concluded that doses of 2.5 ng/kg/min were 
effective as a norepinephrine sparing agent and associated with a lower rate of cumu-
lative net fluid balance [64]. A phase 2b/3, multicenter, double-blinded, randomized 
clinical trial investigated the efficacy and safety of selepressin at different dosages 
in vasopressor-dependent septic shock; despite achieving a catecholaminergic- 
sparing effect during the first hours without increasing adverse events, the primary 
and secondary outcomes were not achieved [65].

5.4.3  Terlipressin

Terlipressin is a synthetic analog of vasopressin with greater selectivity for the 
V1-receptor. The most recent research has been in the form of a meta-analysis of 
RCTs [66]; 10 studies with 928 patients were included. Despite a shorter duration 
of mechanical ventilation and reduced norepinephrine requirements, use of terlip-
ressin did not reduce the mortality rate. Lactate clearance, length of stay in ICU or 
hospital, and total adverse events were also similar between the studied groups 
(although there was a tendency showing that digital ischemia was more common in 
the terlipressin group). This is an extensive field to study with considerable patient 
heterogeneity and the optimal terlipressin-dosing regimen might be variable.

5.4.4  Methylene Blue

Methylene blue is a cGMP blocker, which inhibits guanylate cyclase and thus 
relaxation of smooth muscle mediated by NO. It may decrease pulmonary vascu-
lar leak, increase MAP, and decrease norepinephrine needs in refractory shock 
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after extracorporeal circulation and in septic shock. Most of the available studies 
are observational and with small sample sizes in which treatment was started late 
in the course of the shock. In the most recent one, conducted in 20 refractory sep-
tic shock patients, there was limited hemodynamic responsiveness to methylene 
blue administration; however, those who responded had significantly improved 
survival as non- responders were in a more profound state of tissue hypoxia [67]. 
Recently, Sari- Yavuz et  al. [68] performed a retrospective cohort study of 262 
patients in shock treated with methylene blue. Shock was defined as a norepineph-
rine dose >0.1 μg/kg/min and serum lactate level > 2 mmol/l at the start of methy-
lene blue administration. Three different dosing strategies were identified: bolus 
injection followed by continuous infusion, bolus injection only, or continuous 
infusion only (bolus 2 mg/kg; continuous infusion with 0.25 mg/kg/min). In all 
groups, vasoactive-inotropic scores decreased over time. The main finding was 
that the bolus injection followed by a continuous infusion decreased 28-day mor-
tality. There are no randomized clinical trials using this drug, which limits its use 
in septic shock [69].

5.4.5  Angiotensin II

Angiotensin II (ATII) is a natural hormone with endocrine properties, autocrine and 
paracrine effects recently approved by the USA Food and Drug Administration 
(FDA) for the treatment of distributive shock. It has vasoconstrictor effects at both 
arterial and venous levels. In the ATHOS-3 trial [70] 344 patients refractory to cat-
echolamine treatment with norepinephrine (0.2 g/kg/min or equivalent) were ran-
domized to receive ATII or placebo. The main objective of the study was to achieve 
an increase in baseline MAP ≥ 10 mmHg or raise arterial pressure > 75 mmHg; this 
was achieved in 69.9% of ATII patients and in 23.4% of the placebo group without 
significant differences in side effects. Recently, Bellomo et al. [71] observed that 
renin levels are markedly elevated in vasodilatory shock and could identify patients 
in whom treatment with ATII may be more beneficial. Currently, ATII should not be 
considered as a first-line agent, but having demonstrated its safety and physiological 
efficacy, it may have a future role as a vasopressor adjuvant.

5.5  Metabolic Resuscitation

During septic shock, progression of tissue damage occurs, with mitochondrial dam-
age being the main actor in this process. This mitochondrial dysfunction causes 
altered energy production and decoupling of oxidative phosphorylation leading to 
what is known as oxidative stress. This oxidative stress is shown with an increase in 
reactive oxygen (ROS) and nitrogen (RNS) species, which cause damage to the cell 
membrane, intercellular junctions, and endothelial barrier with damage to the gly-
cocalyx [72], altered vascular tone, and increased capillary permeability, with a 
certain degree of refractoriness to the action of catecholamines [73]. Because of 
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their intracellular biological effects, use of corticosteroids, ascorbic acid, and thia-
mine has been proposed as part of the complementary treatment of sepsis, in the 
so-called “metabolic resuscitation”.

5.5.1  Vitamin C (Ascorbic Acid)

The clinical significance of high-dose vitamin C given as a “sepsis cocktail” with 
hydrocortisone and thiamine was popularized by Marik et al. [74] who showed sig-
nificantly reduced hospital mortality, duration of vasopressor dependence, and 
organ injury.

Several RCTs assessing the effects of intravenous vitamin C were therefore per-
formed in critically ill patients followed by several systematic reviews and meta- 
analyses, demonstrating benefits including reduced organ dysfunction and reduced 
duration on vasopressor support in patients receiving high-dose vitamin C [75], but 
an effect on reducing mortality is still not clear. A meta-analysis [76] that deserves 
to be highlighted for its review not exclusively of corticosteroids, but of the so- 
called “metabolic resuscitation cocktail” (hydrocortisone, vitamin C and thiamine), 
did not show statistical significance regarding mortality. However, it did show that 
the combination of these three compounds improved organ failure (measured by 
ΔSOFA in the first 72 h of treatment), as well as the need for vasoactive amines.

However, recently, Lamontagne et al. [77] showed that vitamin C administration 
in sepsis was harmful with an increase in morbidity and 28-day mortality. This was 
a very elegant study that resolves the open question about the use of vitamin C in 
patients with sepsis. Nevertheless, the subpopulation of patients with refractory sep-
tic shock is a matter of concern because they have high mortality and were not well 
represented in this study: fewer than 60% of the study population met septic shock 
criteria. In fact, the administration of vitamin C in the subgroup of the most severe 
patients showed neutral results. In addition, hydrocortisone, vitamin C and thiamine 
therapy was not evaluated, despite this having the most pathophysiological basis 
[78]. Information about markers of oxidative stress may help to understand the 
results. Imbalances in baseline characteristics may also have contributed to the 
observed differences. Patients in the intervention group had 10% higher lactate lev-
els, were more often in shock, and more often receiving mechanical ventilation 
already at baseline.

These three elements of metabolic resuscitation separately or in combinations 
that do not include the three substances have not yet shown the expected results, but 
further thoughts should be considered in the interpretation of recent trials and for 
future studies: was the dose of vitamin C adequate? Should vitamin C administra-
tion be triggered by plasma vitamin C levels? What is the optimal timing for vitamin 
C administration, and the optimal duration? Is there a biomarker relevant to vitamin 
C use? What outcome should be measured? Which critically ill patients may benefit 
the most? [79]. The future direction may be to evaluate combined hydrocortisone, 
vitamin C, and thiamine therapy in refractory septic shock.
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5.5.2  Hydroxocobalamin

Hydroxocobalamin has an FDA indication for treatment of confirmed or suspected 
cyanide poisoning. It is also used off-label for postoperative vasoplegia, which 
can develop after stopping cardiopulmonary bypass (CPB). Hydroxocobalamin 
increases vascular tone by acting as a sink for circulating NO and hydrogen sul-
fide (H2S). Mechanistically, NO oxidizes the cobalt atom of hydroxocobalamin 
forming a Co-NO complex that can subsequently transfer NO to hemoglobin or 
glutathione. H2S is produced by bacteria during septic shock resulting in vaso-
dilation and hydroxocobalamin has been shown to bind and reduce the circulat-
ing volume of H2S [80]. Data from two case series provide the rationale for its 
use in this context. The first demonstrated that 24 of 33 patients with vasoplegia 
secondary to CPB had at least a 33% reduction in vasopressor dose 30 min after 
hydroxocobalamin administration [81]. The second demonstrated a 14  mmHg 
increase in MAP 30 min after hydroxocobalamin administration [82]. However, in 
the largest case series to date, Ritter et al. [83] studied 35 patients in septic shock 
who received a single bolus of hydroxocobalamin; the analysis included 3992 
hemodynamic data points. They found that there was no difference in MAP 24 h 
after hydroxocobalamin administration. This study was different from previous 
studies by incorporating hourly hemodynamic measurements into the analysis, 
but there was still a small number of patients so that subgroup analyses could not 
be performed.

In this context, an ongoing phase 2 RCT is investigating a single dose of hydroxo-
cobalamin versus placebo on vasopressor use at 3, 24 and 48 h (ClinicalTrials.gov 
Identifier: NCT03783091) in a septic shock setting.

5.6  New Molecules for Adjuvant Treatment of Sepsis

Translational scientific research has contributed to the study of several molecules in 
phase 2–3 clinical trials. The concept of enrichment—including both prognostic 
and predictive enrichment—is fundamental to enabling precision medicine. These 
recent trials in sepsis have used enrichment strategies based on different endotypes 
and biomarkers.

5.6.1  Nangibotide

Human triggering receptor expressed on myeloid cells (TREM)-1 is a 30-kDa 
glycoprotein of the immunoglobulin superfamily. TREM-1 is expressed at late 
stages of myeloid cell differentiation [84], and it associates with DNAX activa-
tion protein (DAP)12 for signaling and function [85], inducing the secretion of 
pro- inflammatory chemokines and cytokines in response to bacterial and fungal 
infections. Blockade of TREM-1 reduces inflammation and increases survival in 
animal models of bacterial sepsis. Nangibotide is a 12 amino-acid peptidic 
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fragment derived from TREM- like transcript-1 (TELT-1), a receptor protein of 
the TREM-1 family. Nangibotide can bind to TREM-1 ligand and modulate the 
amplification of the immune response caused by the activation of TREM-1  in 
sepsis. In preclinical animal studies of peritonitis with septic shock, analogs of 
nangibotide reduced inflammatory response and improved organ function, car-
diovascular status, and survival [86, 87]. In a recent phase 2a clinical trial that 
investigated the safety and tolerability of three doses of nangibotide in septic 
shock, nangibotide-treated patients had improved organ function biomarkers 
[88]. This effect was larger in the subgroup of patients with high circulating 
soluble TREM-1 (sTREM-1) levels. A phase 2b clinical trial, ASTONISH, is 
currently being conducted to evaluate its efficacy, safety, and tolerability in 
patients with septic shock, specially focused on the high sTREM-1 subgroup 
(ClinicalTrials.gov Identifier: NCT04055909) [89].

5.6.2  Recombinant Alkaline Phosphatase

Alkaline phosphatase is an endogenous homodimeric enzyme present in many cells 
and organs (e.g., intestines, placenta, liver, bone, kidney, and granulocytes) that 
exerts detoxifying effects through dephosphorylation of endotoxins and other pro- 
inflammatory compounds, including extracellular ATP by hydrolysis [90, 91]. 
Alkaline phosphatase may also attenuate the innate immune response induced by 
endotoxin release, as dephosphorylation of endotoxin abolishes its biological activ-
ity and the dephosphorylated LPS acts as a Toll-like receptor (TLR)4 antagonist 
[92]. In animal models of sepsis, alkaline phosphatase administration attenuated the 
inflammatory response and reduced mortality [93]. There are some clinical trials 
evaluating the effects of alkaline phosphatase in sepsis. The STOP-AKI trial was a 
double-blind, placebo-controlled, dose-finding adaptive phase 2a/2b trial that 
enrolled 301 adults with sepsis-associated acute kidney injury (AKI). The optimal 
therapeutic dose of recombinant alkaline phosphatase was 1.6 mg/kg. The 3-day 
treatment did not improve kidney function in the first week of treatment, but all- 
cause mortality at day 28 was lower in the recombinant alkaline phosphatase group 
than in placebo-treated patients. This effect persisted to day 90 [94]. A clinical 
phase 3 study, the REVIVAL trial (ClinicalTrials.gov Identifier: NCT04411472), to 
investigate the effect of recombinant alkaline phosphatase on 28-day mortality in 
patients with sepsis-associated AKI is underway.

5.6.3  Adrecizumab

Adrenomedullin (ADM), a 52-amino acid peptide belonging to the calcitonin gene- 
related peptide family [95], plays an important role in sepsis. ADM has immuno-
modulatory and endothelial barrier-stabilizing properties, maintaining vascular 
integrity [96]. Its tropism for the vascular endothelium, interstitium, and smooth 
muscle, and its vasodilatory properties, may contribute to sepsis-associated 

L. Chiscano-Camón et al.

http://clinicaltrials.gov
http://clinicaltrials.gov


63

hypotension and increased vascular permeability. At high concentrations, ADM 
leads to excessive vasodilation, and increased plasma levels of ADM are associated 
with high vasopressor requirements, multiorgan dysfunction, and mortality [97, 98]. 
By binding to ADM, adrecizumab (HAM8101) does not entirely block ADM func-
tion, though it reduces its capacity to elicit a second messenger response. Under 
normal conditions, the concentration of ADM is higher in the interstitium than in 
the circulating blood. The net effect is an increase in adrecizumab-bound ADM in 
the circulation, removed from the interstitium, and only partial functional inhibition 
of ADM. Because of this redistribution, the ADM concentration in the interstitium 
decreases, and ADM cannot act on smooth muscle cells to exert its vasodilatory 
activity. Thus, adrecizumab can reduce vasodilation by reducing excessive levels of 
interstitially located ADM. The increased net activity of ADM in the circulation 
could promote stabilization of endothelial permeability [99]. Preclinical studies per-
formed in a porcine model of sepsis showed that administration of adrecizumab 
reduced the progression to septic shock, renal granulocyte extravasation, and 
inflammatory response [100]. The AdrenOSS-2 study, a phase 2a double-blind, ran-
domized, placebo-controlled, biomarker-guided trial, addressed the safety and tol-
erability of adrecizumab in patients with septic shock and elevated plasma 
concentrations of circulating biologically active ADM (>70 pg/ml) [101]. Although 
it was not the primary objective of the study, an improvement in multi-organ dys-
function was observed. A subsequent phase 2b/3 clinical trial, the ENCOURAGE 
study, will assess adrecizumab (4 mg/kg) in septic shock patients immediately after 
initiation of vasopressors.

5.6.4  Apoptotic Cells

Allocetra-OTS is a cell-based therapeutic composed of donor apoptotic cells. 
The product contains allogeneic mononuclear enriched cells in a liquid suspen-
sion with at least 40% early apoptotic cells. Apoptotic cells contribute to the 
maintenance of peripheral immune homeostasis. Allocetra-OTS was shown to 
have a beneficial effect on cytokine storm, with downregulation of anti- and pro-
inflammatory cytokines. Experimental animal models have demonstrated that 
apoptotic cell infusion in mice is associated with a reduction in circulating pro-
inflammatory cytokines, suppression of polymorphonuclear neutrophil infiltra-
tion in target organs, decreased serum LPS levels, and decreased mortality [102]. 
Van Heerden et al. performed a phase 1b clinical trial with Allocetra-OTS in 10 
patients with sepsis and SOFA scores ranging from 2 to 6 [103]. All 10 patients 
survived, while matched historical controls had a mortality rate of 27%. The 
authors concluded that infusion of apoptotic cells to patients with mild-to-mod-
erate sepsis was safe and had a significant immunomodulating effect, leading to 
early resolution of the cytokine storm. A phase 2 study evaluating the efficacy, 
safety, and tolerability of different doses and regimens of Allocetra-OTS to treat 
organ failure in sepsis patients (ClinicalTrials.gov Identifier: NCT04612413) is 
currently underway.
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5.7  Conclusion

The heterogeneity of septic shock is a complex and engaging feature of the disease 
that demands novel strategies for improved classification of patients. Precision 
medicine identifies subgroups of septic shock patients with a high risk of adverse 
outcomes who may benefit from specific treatments or rescue therapies according to 
their particular characteristics. Although some clinical tools are still being evaluated 
in early stages of research, precision medicine is becoming a reality that improves 
our clinical approach.
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6Host Response Biomarkers for Sepsis 
in the Emergency Room

O. Turgman, M. Schinkel, and W. J. Wiersinga

6.1  Introduction

Sepsis is a medical emergency currently defined as life-threatening organ dysfunc-
tion caused by a dysregulated host response to infection [1]. With a recent estimate 
of 11 million sepsis-related deaths out of 48.9 million yearly sepsis cases, it is a 
global health priority [2]. Current sepsis treatment guidelines recommend general 
measures, such as antibiotic treatment, source control, and resuscitation [3]. The 
heterogeneity of the sepsis syndrome however makes early and consistent diagnosis 
difficult [4] and has resulted in a lack of sepsis-specific treatments [5, 6]. An essen-
tial factor limiting our ability to detect sepsis is the lack of clinically relevant bio-
markers for the early phases of the syndrome.

The benefits of early diagnosis and treatment have been well-studied and proto-
colized in specialties such as trauma medicine, cardiology (e.g., myocardial infarc-
tion and cardiac arrest) and neurology (e.g., stroke management), but less so in the 
field of sepsis [7]. This can potentially lead to longer time-to-antibiotics and higher 
mortality [8]. Sepsis patients often undergo their first extensive evaluation in the 
emergency room (ER). Decisions made at this stage, such as choice of antibiotic 
treatment and discharge destination, are likely to highly impact the rest of the 
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Fig. 6.1 Host response biomarkers for sepsis in the emergency room (ER). A visualization of the 
patient flow through the ER and of the different types of sepsis biomarkers and their respective 
roles in this process

hospital stay. Biomarkers are able to reduce the heterogeneity among sepsis patients 
in the ER and could improve their care.

This review aims to provide a high-level overview of sepsis biomarkers that are 
relevant for the ER setting. It focuses on markers found in the systemic compart-
ment and includes traditional and emerging protein biomarkers, but also those aris-
ing from the fields of transcriptomics, proteomics, and metabolomics (Fig. 6.1).

6.2  Biomarkers in the Context of Sepsis

Biomarkers can be defined as any objective, reproducible characteristics by which 
(patho)physiologic processes can be identified and measured [9]. Within the field of 
sepsis, one can differentiate between diagnostic, prognostic, and therapeutic bio-
markers [10, 11]. Diagnostic biomarkers differentiate between infectious and non- 
infectious disease or help identify specific pathogens. Prognostic biomarkers are 
useful for assessing the risk of poor outcomes in septic patients and can help us 
stratify patients by their risk profiles. Lastly, therapeutic biomarkers are used to 
assess the effectiveness of a treatment. In recent years, biomarkers have been used 
for a fourth category: theragnostics. Theragnostics describes an approach in which 
patients are stratified based on specific biomarkers or pathways that might be more 
susceptible to specific intervention [5, 12]. Also termed predictive enrichment, this 
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approach stands in contrast to prognostic enrichment wherein patients with a higher 
likelihood of having a certain outcome are identified. Prognostic enrichment in tri-
als can improve power and reduce the number of patients needed [12]. This is 
underscored by recent studies in patients with severe coronavirus disease 2019 
(COVID-19) in which C-reactive protein (CRP) and soluble urokinase plasminogen 
receptor (suPAR) plasma levels were successfully used to guide treatment with 
respectively anti-interleukin (IL)-6 and anti-IL-1 [13, 14]. In the later study, alloca-
tion of patients to treatment groups was guided by suPAR, a biomarker that predicts 
progression to severe respiratory failure or death in COVID-19 patients. The study 
only included patients with suPAR levels >6 ng/ml, and randomized them to receive 
either IL-1 receptor antagonist or placebo in addition to the standard-of-care treat-
ment. The sepsis field is moving from traditional ways of diagnosis and treatment 
towards a precision medicine approach, in which more homogeneous patient groups 
with shared pathophysiologic pathways are identified that are amenable to a specific 
treatment [15]. Biomarkers will be essential to expedite this transition.

6.2.1  Traditional Biomarkers: CRP and Procalcitonin (PCT)

From the hundreds of biomarkers evaluated for diagnosing infection and sepsis, 
only a handful are used by clinicians on a large scale. Although non-specific for the 
diagnosis of sepsis, CRP and procalcitonin (PCT) are often used to detect inflamma-
tion because of their high sensitivity [16]. CRP is an acute-phase reactant protein 
synthesized by the liver, primarily induced by IL-6 [17], whereas PCT is a precursor 
for the calcitonin hormone, normally made in the thyroid gland. When compared to 
CRP, PCT levels increase faster after stimulation, reach their peak faster, and also 
decline faster after resolution of infection [18]. These are desirable characteristics 
for a biomarker, especially in the ER, as they describe the current state of a patient 
more accurately. A systematic review, which assessed the accuracy and clinical 
value of PCT for diagnosis of sepsis in intensive care unit (ICU) and ER patients, 
reported an area under the curve (AUC) value of 0.85 (95% confidence interval (CI) 
0.81–0.88) for diagnosis of sepsis [19]. One of the included studies, among ER 
patients with suspected infection, reported an AUC value for PCT of 0.79 for diag-
nosis of sepsis, which was better than that of IL-6 (AUC 0.70) or CRP (AUC 0.67) 
[20]. This finding was confirmed in a recent systematic review that specifically 
addressed the role of PCT in the ER setting [21]; according to most included stud-
ies, PCT performed better than CRP or lactate as a diagnostic biomarker for sepsis. 
As a predictor of adverse outcomes, the data on PCT are more inconsistent. In some 
studies PCT was superior to CRP and lactate, but in others it was not [21]. There is, 
however, solid evidence that PCT can be of added value for effectively and safely 
reducing the duration of antibiotic therapy in critically ill patients. This is under-
lined by a recent meta-analysis that included 21 studies in patients with sepsis and/
or respiratory infection, demonstrating that duration of antibiotic treatment was sig-
nificantly reduced in both groups when PCT was used as a guiding biomarker com-
pared with clinical evaluation alone [18]; as a secondary outcome, in-hospital 
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mortality was also significantly lower among these patients [18]. Currently, the 
Surviving Sepsis Campaign (SSC) guidelines advise against using PCT to aid the 
decision of when to start antimicrobials and suggest clinical evaluation alone [3]. 
However, PCT use is suggested to help decide when to discontinue antimicrobials 
among adult patients with sepsis where the optimal duration of therapy is unclear [3].

6.2.2  Emerging Biomarkers

Over 250 biomarkers for sepsis have been evaluated in clinical and experimen-
tal studies [10]. Examples of emerging biomarkers that have been studied in 
the ER setting for either diagnostic or prognostic value include presepsin, IL-6, 
lipopolysaccharide- binding protein (LBP), pancreatic stone protein (PSP), bac-
tericidal/permeability-increasing protein (BPI), group II phospholipase A2 
(PLA2GIIA), brain natriuretic peptide (BNP), soluble triggering receptor expressed 
on myeloid cells-1 (sTREM-1), suPAR, pro-adrenomedullin (MR-proADM), 
macrophage migration inhibitory factor (MIF), heparin-binding protein, D-dimer, 
soluble IL-2 receptor alpha chain (sCD25), and cell-free DNA [10]. Many more 
potential sepsis biomarkers have been studied in non-ER patient groups, but these 
are outside the scope of this review. Those discussed herein were selected based 
on the presence of recent literature, the number of included patients in the relevant 
studies, and the setting in which the biomarker was tested (i.e., in the ER). A full 
overview of sepsis biomarkers can be found elsewhere [10, 11].

6.2.2.1  Presepsin
Presepsin, first described as soluble CD14 subtype in 2005 [22], is a soluble frag-
ment of CD14, a broad-spectrum affinity component of the innate immune system. 
Serum presepsin levels start to rise 2 h after infection and already reach their peak 
after 3 h, making it a potentially valuable early biomarker for sepsis in the ER [23, 
24]. A 2013 study from China in 859 ER patients with at least two diagnostic crite-
ria for systemic inflammatory response syndrome (SIRS), showed superior perfor-
mance characteristics of presepsin compared to PCT for sepsis diagnosis (AUC of 
0.820 vs. 0.724 for PCT) as well as prediction of severe sepsis (AUC 0.840 vs. 
0.741) [25]. A more recent meta-analysis from 2017 concluded that presepsin had a 
pooled sensitivity of 0.84 (95% CI 0.80–0.87) and specificity of 0.76 (95% CI 
0.67–0.84) for diagnosing sepsis among critically ill patients (admitted to the ER, 
ICU or cardiac care unit) [23]. Interestingly, when subgroups were analyzed, prese-
psin had better specificity in ER patients when compared to ICU patients (0.82, 95% 
CI 0.69–0.91 vs. 0.64, 95% CI 0.51–0.76) with an AUC indicative of higher accu-
racy in the ER group (0.91 vs. 0.85) [23]. However, when compared to CRP or PCT 
in ER patients, presepsin did not perform better in terms of diagnosing sepsis in this 
meta-analysis [23]. Finally, in a recent South Korean prospective observational 
study among 420 ER patients, presepsin performed better than CRP in terms of dif-
ferentiating between non-infectious organ failure, sepsis, and septic shock, defined 
according to Sepsis-3 criteria [24]. However, presepsin was described as having 
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equal performance compared to PCT [24]. In this study, patients with high serum 
presepsin levels (≥ 821 pg/ml) had a higher mortality rate compared to patients with 
lower levels (33.3% vs. 18.4% respectively) [24]. These results indicate that prese-
psin has value as a diagnostic and prognostic biomarker for sepsis in the ER, but 
whether it outperforms PCT or CRP has not been conclusively shown.

6.2.2.2  sTREM-1
TREM-1 is a member of the immunoglobulin superfamily expressed on neutrophils 
and monocytes [26]. During bacterial and fungal infections, TREM-1 is upregu-
lated, which causes release of sTREM-1. In a 2021 meta-analysis, sTREM-1 was 
described as having a sensitivity of 0.85 (95% CI 0.76–0.91) and a specificity of 
0.79 (95% CI 0.70–0.86) for differentiating sepsis from SIRS among critically ill 
patients from various countries worldwide [27]. sTREM-1 was also able to predict 
28-day mortality with a sensitivity of 0.80 (95% CI 0.66–0.89) and a specificity of 
0.75 95% (CI 0.70–0.86) [27]. Looking at the ER specifically, a recent Taiwanese 
study investigated the prognostic value of sTREM-1 in 155 ER patients with sepsis 
[28]. Significantly higher and sustained levels of sTREM-1 were found among non- 
survivors on days 1, 4, and 7 after admission. sTREM-1 and sequential organ failure 
assessment (SOFA) scores were the only factors independently associated with 
sepsis-related death, with AUC values of 0.726 (95% CI 0.613–0.838; p = 0.028) 
and 0.705 (95% CI 0.602–0.808; p = 0.042), respectively [28]. Taken together, 
sTREM-1 has been shown to have diagnostic and prognostic value as a biomarker 
for sepsis in critically ill patients. However, studies that evaluate the added value of 
sTREM-1 on meaningful patient-related outcome parameters in comparison to 
other biomarkers specifically in the ER are lacking.

6.2.2.3  Proadrenomedullin
MR-proADM, derived from adrenomedullin (ADM), has been shown to play a role 
in preserving the integrity and stability of the endothelium after severe infection [29]. 
ADM acts directly on the sympathetic nervous system, causing arterial and venous 
vasodilation, natriuresis, bronchodilation, and positive inotropy. MR-proADM as 
a compound is more stable than ADM and accurately reflects ADM levels [30]. A 
recent systematic review that investigated MR-proADM as an early biomarker for 
sepsis, included 11 studies with 1176 sepsis patients and 823 controls [30]. ER, ICU, 
and ward patients were included. Diagnostic criteria for sepsis varied between stud-
ies. Pooled data concerning the ability of MR-proADM to diagnose sepsis showed 
a sensitivity of 0.83% (95% CI 0.79–0.87%) and specificity of 0.90% (95% CI 
0.83–0.94%). Less is known about MR-proADM as a prognostic biomarker of sep-
sis. MR-proADM levels measured within 24 h of ICU admission have been shown 
to be positively correlated with organ failure in patients with sepsis [30]. Among 
ER patients, MR-proADM was the only biomarker associated with blood culture 
status, i.e., low levels were correlated with a negative blood culture, when compared 
to CRP, PCT, lactate, soluble PLA2GIIA, sTREM-1, presepsin, and sCD25 [31]. 
An English study among ER patients with COVID-19, found that MR-proADM 
could predict 30-day mortality more accurately than CRP, PCT, white blood cell 
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count, and lymphocyte or neutrophil count. Elevated MR-proADM levels were also 
associated with critical care admission and non-invasive ventilation among these 
patients [29]. Taken together, MR-proADM can assist in the diagnosis of sepsis as 
well as prediction of severe disease among patients with suspected infection in the 
ER. However, there are no studies addressing its true potential for improving the 
outcome of patients in the ER with (suspected) sepsis.

6.3  Transcriptomics

Recent advances in omic technologies have shifted the focus from traditional pro-
tein biomarkers to the fields of genomics, transcriptomics, proteomics, and metabo-
lomics [32]. Transcriptomics and proteomics have been studied the most in the 
context of sepsis biomarkers. By analyzing relevant data on a molecular level, it has 
become possible to identify sepsis and stratify patients according to information 
pertaining to cellular proteins, metabolites, genes, and their expression. This allows 
for more homogenous cohorts of patients that share biological similarities, which 
might open the door for effective treatment strategies, designed to address a certain 
pathophysiological pathway.

A recent study aimed to identify novel transcriptional diagnostic and risk strati-
fication biomarkers among ER and ICU patients from various countries worldwide 
with suspected infection and at least two SIRS/Sepsis-1 criteria [33]. Using unsu-
pervised machine learning, several immune-related processes were found to differ 
among severely ill patients (24-h SOFA score >5) compared to patients who were 
less sick. For example, neutrophil degranulation was the most enriched pathway 
among severely ill patients, indicating that sepsis severity in the early stages is 
strongly associated with neutrophil activity. Interferon-gamma (IFNγ) was notably 
downregulated among non-survivors. Using RNAseq data, a 40-gene classification 
set was identified that was able to categorize patients into one of five mechanistic 
endotypes with an accuracy of 96% [33]. Different endotypes were found to have 
different enriched pathways and severity of disease. For example, neutrophilic- 
suppressive (NPS) and inflammatory (INF) endotypes were associated with more 
severe disease based on organ failure probability, SOFA scores, length of hospital 
stay, requirement for oxygen supplementation, and positive blood culture tests. The 
NPS endotype was found to include the most immunosuppressed patients with 
severe disease, with downregulation of IFN signaling, CD28 co-stimulation, and 
programmed-death (PD)-1 signaling. Conversely, the INF endotype, which also 
included the most severely ill patients, was found to have upregulation of multiple 
inflammatory pathways, such as IFNγ and TNF-α signaling [33].

In a different study from the USA, using 29 preselected mRNA inputs 
inflammatix- bacterial-viral-non-infected-version 1 (IMX-BVN-1) was created, a 
neural network classifier trained to differentiate between bacterial, viral, and non- 
infectious disease among ICU patients [34]. When infection adjudications were 
unanimous, IMX-BVN-1 was shown to have AUC values of 0.86 (bacterial-vs.-
other), 0.85 (viral-vs.-other), and 0.82 (non-infected-vs.-other). In a later validation 
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study among 312 ER patients with suspected acute infections and at least one abnor-
mal vital sign, IMX-BVN-2 (an updated version of IMX-BVN-1) was described to 
have AUC values of 0.82–0.90 for differentiating between bacterial infection and no 
infection [35]. This was superior to PCT (AUC 0.80–0.89), CRP (0.79–0.84), and 
white blood cell count (0.69–0.77). AUC values ranged due to varying degrees of 
certainty in the retrospective adjudication of infection status. When differentiating 
between viral infections and no infection, IMX-BVN-2 showed an AUC value of 
0.82–0.83, whereas PCT, CRP, and white blood cell count could not differentiate 
between these groups (AUC <0.4). Most recently, IMX-SEV-2, a variant of IMX- 
BVN- 2 developed for predicting disease severity in patients with sepsis, was 
described to have an AUC value of 0.84 (95% CI 0.76–0.93) for predicting in- 
hospital mortality [36]. This was superior to lactate (AUC 0.76; 95% CI 0.64–0.87), 
qSOFA (0.68; 95% CI 0.57–0.79), and the National Early Warning Score 2 (0.75; 
95% CI 0.65–0.85) (p = 0.015, 0.001, and 0.013, respectively).

Other tools that use transcriptomic data and have been developed as biomarkers 
for sepsis are SeptiCyte Lab [37], the sepsis mortality score (SMS) for prediction of 
death in septic patients [38], and the FAIM3:PLAC8 ratio, originally derived to 
identify community-acquired pneumonia in ICU patients but later studied as a bio-
marker for sepsis [39]. These promising tools await validation in an ER setting 
where clinical sepsis is not always overt.

6.4  Proteomics and Metabolomics

The proteome is defined as the entire set of proteins that can be expressed by a 
genome while the metabolome is defined as all the small molecules in cells that are 
a product of the genome and of genome-environment interactions [40]. These novel 
analytes have been used to diagnose sepsis, reveal profiles of patients that relate to 
clinical outcomes, and identify future targets for intervention. Techniques such as 
chromatography and mass-spectrometry have enabled us to study very small parti-
cles that provide information of underlying biological processes. A novel technique, 
Raman spectroscopy, uses light scattering to non-destructively provide a structural 
fingerprint by which particles can be identified and has been used for identifying 
pathogens and metabolites, such as IL-6 [41, 42]. In a cohort of 63 critically ill 
patients with sepsis and 43 controls, Chen et al. used a combined proteomics and 
metabolomics approach to identify specific profiles in amino acid metabolism that 
could differentiate between patients with sepsis and healthy controls, with AUC 
values ranging from 0.81 to 0.96 [43]. In a validation group, the AUC value ranged 
from 0.62 to 1.00. Among the most discriminative metabolites were fatty acids and 
glycerophospholipids, which have roles in energy production and lipid signal trans-
duction, respectively. Pathways and proteins involved in the acute inflammatory 
response, Toll-like receptor (TLR) signaling, defense response, and activation of 
myeloid cells were correlated with sepsis and sepsis-associated kidney injury.

Multi-omics analysis has also been used to develop tools for triage of pediatric 
sepsis. A study published in 2015 used metabolomic and proteomic profiling data to 
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assess the accuracy of these profiles in retrospectively differentiating between pedi-
atric patients with sepsis who were admitted to the pediatric ICU (PICU) (n = 94) 
and those who presented to the ER but were not admitted to the PICU (n = 81). 
Reported AUC values ranged from 0.88–0.96 [44]. Multi-omic-based profiles that 
can be used to predict severity of disease and necessity for certain treatments are 
valuable, especially when certain expertise is not available. In a more recent study, 
van Houten et al. investigated whether a host-protein-based assay could differenti-
ate between bacterial and viral infection among preschool children [45]. The assay 
integrates concentrations of three biomarkers: TNF-related apoptosis-inducing 
ligand (TRAIL), IFNγ induced protein-10 (IP10), and CRP. Patients (n = 577) were 
aged 2–60 months and were included from four hospitals in the Netherlands and 
two hospitals in Israel. Patients were either diagnosed with lower respiratory tract 
infection or had a clinical presentation with fever with unknown source. Reference 
diagnoses were adjudicated by a panel of three experienced pediatricians, based on 
all clinical information including follow-up at 28 days. AUC values for differentiat-
ing between viral and bacterial infection ranged from 0.90–0.92, depending on the 
degree of certainty of the adjudicating panelists [45].

A metabolomics approach has also been used to diagnose bacteremic sepsis 
among 114 Swedish adult ER patients [46]. Of these patients, 65 had laboratory- 
confirmed bacteremia and fulfilled the 1992 criteria for sepsis (i.e., SIRS criteria 
plus infection). The remaining 45 patients were initially also suspected of bactere-
mic sepsis, but were found to have negative blood cultures and laboratory-confirmed 
alternative diagnoses. After analysis, six metabolites were integrated into a diagnos-
tic tool, which was tested in a subgroup of the cohort and was found to be able to 
predict bacteremic sepsis with an accuracy of 88.1% [46]. Metabolomics has also 
brought possibilities for personalizing drug treatment as was exemplified in a study 
in the USA in 21 patients with vasopressor-dependent septic shock treated with 
l-carnitine [47]. Responders to l-carnitine had significant changes in their metabo-
lomic signatures. Taken together, these data show that metabolic signatures can be 
used for the diagnosis of sepsis, for the stratification of patients towards a specific 
treatment, and as a marker of disease severity.

6.5  Conclusion

Biomarkers for sepsis in the ER can be of diagnostic, prognostic, and therapeutic 
value. Theragnostics entails the use of biomarkers for predictive or prognostic enrich-
ment [11]. A large number of sepsis markers has been identified and studied recently, 
but only a few are being used widely in everyday clinical practice [10]. Ideally, a 
biomarker can diagnose sepsis, predict its severity, and help to ascertain appropriate 
treatment. It should be able to stratify patients according to their disease severity or 
susceptibility to a specific treatment. Unfortunately, biomarkers that can achieve these 
goals consistently in the heterogeneous population found in the ER setting have not 
yet been identified. Widely known and used are CRP and PCT, which can have 
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important roles in the ER but do not meet the aforementioned criteria for the ideal 
biomarker. Emerging protein biomarkers, such as presepsin and MR-proADM, have 
shown promise in several specific homogeneous populations but validation in large 
and diverse cohorts is lacking. From the field of omics, several promising new tech-
niques have emerged, enabling health care providers to integrate high-dimensional 
data, which can increase power and efficiency for identifying clinically relevant bio-
markers for sepsis in the ER setting [32]. However, further validation of these bio-
markers should be done first. Furthermore, their effect on clinically meaningful 
patient-related outcome measures, let alone their cost- effectiveness, is often ill-defined 
and should be the subject of further studies. It is very unlikely that a single biomarker 
will provide us with the answers to all our needs. Panels of biomarkers have been 
shown to be more effective in many aspects than single ones [48]. The field of bio-
markers for sepsis in the ER is developing rapidly. In the near future, management of 
sepsis in the ER is likely to be guided by repeated measurements of biomarker arrays, 
which utilize point-of-care tests. These tests limit hands-on time and reflect abnor-
malities in host response pathways that are amenable to targeted therapeutics.
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7Repetitive Assessment of Biomarker 
Combinations as a New Paradigm 
to Detect Sepsis Early

P. Eggimann, Y. -A. Que, and F. Ventura

7.1  Introduction

Sepsis is defined as a dysregulated host response to an infection [1]. Septic shock – a 
subset of sepsis with severe organ failure and cellular/metabolic dysfunction – is 
associated with a higher risk of mortality [1]. Rapid identification and initiation of 
treatment remains the major challenge in sepsis management, as any delay in the 
initiation of effective anti-infective therapy, rapid source control, and, if required, 
organ failure support, is associated with incremental mortality [2]. Accordingly, the 
overarching goal of all sepsis definitions/guidelines that have been proposed over 
the last decades has been to improve accurate and early diagnosis of sepsis, with the 
goal to initiate prompt management [2].

Unfortunately, the lack of specificity of this clinical-based approach resulted in 
increased prescriptions of empirical broad-spectrum antibiotics in patients that 
might not have sepsis. Indeed, only 30 to 40% of patients receiving empirical ther-
apy for presumed sepsis at the initiation of treatment are eventually shown to have 
definite infection [3]. While this approach might save lives, it largely contributes to 
antimicrobial resistance. The burden of bacterial antimicrobial resistance for the 

P. Eggimann (*) 
Department of Locomotor Apparatus, Lausanne University Hospital (CHUV), University of 
Lausanne, Lausanne, Switzerland
e-mail: philippe.eggimann@chuv.ch 

Y.-A. Que 
Department of Intensive Care Medicine, Inselspital—Bern University Hospital, University of 
Bern, Bern, Switzerland 

F. Ventura 
Intensive Care Unit, Hirslanden Clinique des Grangettes, Chêne-Bougeries, Switzerland 

Division of Anesthesiology, University Hospitals of Geneva, Geneva, Switzerland

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
J.-L. Vincent (ed.), Annual Update in Intensive Care and Emergency Medicine 2023, 
Annual Update in Intensive Care and Emergency Medicine, 
https://doi.org/10.1007/978-3-031-23005-9_7

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-23005-9_7&domain=pdf
mailto:philippe.eggimann@chuv.ch
https://doi.org/10.1007/978-3-031-23005-9_7


84

year 2019 reached close to five million associated deaths of which 1.27 million were 
directly attributable [4]. The May 2022 G7 Health Summit thus urged for solutions 
that would allow better-targeted administration of antibiotics [5].

7.2  Limited Usefulness of Routinely Used Biomarkers 
of Sepsis

In this context, many biomarkers potentially of use to improve the diagnostic accuracy 
of sepsis have been investigated, but only a few are widely used at the bedside [6]. 
C-reactive protein (CRP) and procalcitonin (PCT) displayed limited performance for 
the diagnosis of infection and as such are not integrated within guidelines [2]. A meta-
analysis of 30 studies including 3244 patients reported a sensitivity of 77% and speci-
ficity of 79% for PCT to detect infection [7]. Another meta-analysis including three 
randomized controlled trials (RCTs) failed to demonstrate a difference in short-term 
mortality when antibiotic administration was started according to PCT levels com-
pared to clinical suspicion of infection [8]. In contrast, PCT, and to a lesser extent 
CRP, has repeatedly been shown to be useful to guide antibiotic de- escalation and has 
been integrated into antibiotic stewardship programs targeting a reduction of antibi-
otic use [2].

7.3  Time for a Paradigm Change in the Use 
of Sepsis Biomarkers

In a Swiss survey performed in 2020, 92.3% (37 out of 40) of physicians certified 
in critical care or anesthesiology declared that they measured CRP concentra-
tions when they suspected sepsis, 84.6% PCT, and 89.7% leukocytes; all said 
they measured lactate concentrations [9]. There is thus a need for biomarkers that 
would help physicians in their difficult task of detecting and managing sepsis at 
the bedside.

So far sepsis biomarkers have been evaluated almost exclusively for their ability 
to diagnose/confirm infection and/or sepsis with high sensitivity and positive pre-
dictive value (PPV) as the main criteria [6, 10]. However, being able to exclude 
sepsis by using biomarkers with high specificity and negative predictive value 
(NPV) might help reduce the overconsumption of unnecessary antibiotics and 
decrease the burden of antimicrobial resistance. In other contexts, for example, in 
the diagnostic workup of acute coronary syndromes, repetitive measurements of 
biomarkers are part of routine assessment. Such an approach for sepsis deserves 
further attention. Indeed, reliable biomarkers that could easily be used at the bedside 
to quickly diagnose or rule out sepsis are eagerly awaited.

P. Eggimann et al.
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7.4  Pancreatic Stone Protein, A Novel Sepsis Biomarker That 
Is Released Early

Pancreatic stone protein (PSP) is a 16 kDa C-type lectin protein mostly produced by 
the pancreas and the intestine [11]. Its first described function was the inhibition of 
the growth and nucleation of calcium carbonate crystals in the pancreatic juice [11]. 
As such, PSP is elevated in acute pancreatitis even in the absence of infection and 
should not be used to diagnose infection/sepsis in this setting [12] (Fig. 7.1). A semi-
nal study from the group of Rolf Graf in Zurich identified PSP as a potential bio-
marker of infection and sepsis in a cohort of trauma patients [11]. PSP concentrations 
increased early in trauma patients who subsequently developed either infection or 
sepsis. Later, several studies confirmed that PSP can be used to differentiate infection 
and sepsis from other non-infectious severe inflammatory states in critically ill 
patients [13, 14], in patients with ventilator-associated pneumonia (VAP) [15], after 
cardiac surgery [14, 16], after severe burn trauma [17], after inhalation injury [18], 
and in neonates [19] (Table 7.1). In addition, PSP was shown to predict outcome in 
some of these studies (reviewed in 2019 [20] and in 2022 [21]) (Table 7.2).

Fig. 7.1 Hypothetical model of pancreatic stone protein (PSP) physiopathology. The pancreas 
remotely senses infection and/or organ dysfunction (2) and releases PSP, a C-type lectin protein 
family member from acinar cells, into the blood stream (3) [34]. PSP has been shown to promote 
the shedding of CD62L and to upregulate the expression of CD11b on the cell surface of neutro-
phils (4) [13]. Neutrophils with an increased CD11b expression interact with ligands on damaged 
endothelial cells, resulting in high affinity adhesion to the vascular endothelium, extravasation, and 
migration to the site of tissue damage (5) [35, 36]. PSP might play a role in tissue regeneration, the 
relevance of which remains to be demonstrated in sepsis (6). (Adapted from [13, 34])

7 Repetitive Assessment of Biomarker Combinations as a New Paradigm to Detect…
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Table 7.3 Performance of combined biomarkers to predict infection

AUC 
(95% CI)

Sensitivity 
(95% CI)

Specificity 
(95% CI)

PPV 
(95% CI)

NPV 
(95% CI)

PLR 
(95% CI)

NLR 
(95% CI)

PSP + CRP 0.90 
[0.87, 
0.92]

0.82 [0.78, 
0.86]

0.85 [0.79, 
0.90]

0.91 
[0.88, 
0.94]

0.70 
[0.64, 
0.76]

5.30 
[3.74, 
7.53]

0.21 
[0.17, 
0.27]

PSP + PCT 0.83 
[0.80, 
0.87]

0.72 [0.68, 
0.78]

0.84 [0.78, 
0.89]

0.90 
[0.86, 
0.93]

0.59 
[0.54, 
0.67]

4.41 
[3.14, 
6.18]

0.32 
[0.27, 
0.39]

CRP + PCT 0.87 
[0.84, 
0.90]

0.73 [0.69, 
0.78]

0.85 [0.80, 
0.90]

0.91 
[0.88, 
0.94]

0.61 
[0.55, 
0.67]

4.93 
[3.44, 
7.07]

0.31 
[0.26, 
0.38]

PSP +  
CRP + PCT

0.90 
[0.87, 
0.92]

0.82 [0.78, 
0.86]

0.84 [0.79, 
0.90]

0.92 
[0.88, 
0.94]

0.69 
[0.63, 
0.75]

5.27 
[3.71, 
7.48]

0.22 
[0.18, 
0.28]

Data from [22]
AUC area under the receiver operating characteristic curve, PPV positive predictive value, NPV 
negative predictive value, PLR positive likelihood ratio, NLR negative likelihood ratio, CI confi-
dence interval, PSP pancreatic stone protein, CRP C-reactive protein, PCT procalcitonin

A meta-analysis [22] showed that PSP performed better (area under the receiver 
operating curve [AUC] 0.81, 95% CI 0.78–0.85, SE 0.017) than CRP (AUC 0.77, 
95% CI 0.73–0.80, SE 0.019) or PCT (AUC 0.78, 95% CI 0.74–0.82, SE 0.022) for 
the diagnosis of infection. The combination of CRP with PSP further enhanced 
accuracy (AUC 0.90, 95% CI 0.87–0.92), with higher sensitivity (0.82 (0.78–0.86)) 
and specificity (0.85 (0.79–0.90)) for discriminating infectious from non-infectious 
states (Table 7.3).

A recent prospective multicenter study confirmed that repeated PSP measure-
ments were able to detect nosocomial sepsis in critically ill patients requiring inten-
sive care unit (ICU) admission before the occurrence of clinical signs/symptoms 
[23]. The diagnostic accuracy of PSP (AUC 0.75, 95% CI 0.67–0.82) was similar to 
that of CRP (AUC 0.77, 95% CI 0.69–0.84) and PCT (AUC 0.75, 95% CI 0.68–0.82), 
but its combination with CRP further increased accuracy (AUC 0.79, 95% CI 
0.72–0.86), confirming the usefulness of this combination in that context. Of note, 
PSP levels increased early, i.e., 48–72 h before the occurrence of symptoms or clini-
cal signs, paving the way for the detection of nosocomial sepsis before the symp-
tomatic phase. These data were further confirmed in a cohort of patients after severe 
burn trauma, in whom PSP showed a 3.3 to 5.5-fold increase within the 72 h preced-
ing the occurrence of signs and symptoms of nosocomial sepsis. In contrast, CRP, 
PCT, and leukocyte levels did not vary significantly [17].

7.5  Role of Repetitive Serial Assessments of CRP and PSP 
in the Diagnostic Workup of Sepsis

As CRP and PSP have consistently demonstrated high performance in various 
patient populations when assessed together in the context of sepsis, we propose to 
include their repetitive assessment in the diagnostic process to exclude/confirm the 
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Patient with suspected infection

Clinical evaluation

Sepsis proven

No Yes

Yes

Yes

Yes No

No

No

Yes

YesNo

No

Sepsis probable Sepsis possible

Monitor
Pre-symptomatic sepsis

by daily measurement
of PSP and CRP

No empirical antibiotics
Support organ failure
Serial PSP and CRP 

to guide antibiotic start

No empirical antibiotics 
Monitor organ function

Start antibiotics 
Monitior organ function 
Serial PSP and CRP 

to guide/confirm antibiotics

Sepsis unlikely

Patient at risk of infection/sepsis

≥ 2 SIRS criteria or
NEWS or MEWS

PSP (Pancreatic stone protein)

CRP (C-reactive protein)

Start antibiotics 
Support organ failure. 

PCT-guided de-escalation 

Biomarkers

Fig. 7.2 Serial C-reactive protein (CRP) and pancreatic stone protein (PSP) measurement in 
patients suspected of having infection and/or at risk of sepsis. SIRS systemic inflammatory 
response syndrome, NEWS National Early Warning Score, MEWS Modified Early Warning Score

presence of infection and/or sepsis (Fig. 7.2). Depending on the presence/absence 
of a dysregulated host response, organ failure and the levels of biomarkers, we sug-
gest the following scenarios:

 1. In the presence of a clear dysregulated host response (as suggested by the com-
putation of clinical measures, such as systemic inflammatory response syndrome 
(SIRS) criteria, the National Early Warning Score (NEWS) and the Modified 
Early Warning Score (MEWS) [2]), elevated biomarker levels may confirm the 
diagnosis of sepsis and the need for urgent and aggressive management (antibi-
otics, infection source control, organ failure support).

 2. When the dysregulated host response is limited or doubtful (clinical scores 
below threshold), elevated biomarker levels might suggest the presence of an 
infection and sepsis is therefore probable, which might validate the start of anti-
biotic therapy and justify intensive monitoring of organ function and the search 
for a possible source of infection.

 3. In the presence of a clear dysregulated host response (clinical scores above 
threshold), but in the absence of elevated biomarker levels, especially those of 
PSP, sepsis is possible and empirical antibiotic treatment could be delayed 
according to the clinical context until infection has been proven. In this situation, 
repetitive serial measurements of CRP and PSP should further contribute to 
refine the management strategy according to their evolution.

7 Repetitive Assessment of Biomarker Combinations as a New Paradigm to Detect…
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 4. Finally, when the dysregulated host response is limited (clinical scores below 
threshold), and in the absence of elevated biomarker levels, PSP in particular, 
sepsis is unlikely and empirical antibiotic treatment should not be started. The 
patient remains at risk of sepsis and repetitive serial measurement of PSP and 
CRP could detect sepsis in the pre-symptomatic phase before clinical signs/
symptoms develop.

7.5.1  Pre-Symptomatic Diagnosis of Sepsis by Serial 
Assessment of PSP and CRP Levels in Patients at Risk

A recent multicenter observational clinical confirmed that PSP levels in ICU patients 
at risk of sepsis rose 48–72 h before clinical signs of nosocomial sepsis [23]. We 
thus propose that repetitive assessments of PSP and CRP should be included in such 
patients. With current point-of-care technology (abioSCOPE® from Abionic, 
Epalinges, Switzerland), CRP and PSP levels can be measured in less than 10 min 
from one drop of blood (e.g., capillary blood, venous or arterial blood left from 
blood gas analysis) without pre-analytic requirements. A recent economic study 
from the USA showed that such an assay could save up to US$ 1688 per patient in 
the emergency room, and US$ 3315 for those in intensive care (potential nationwide 
savings of US$ 7 billion per year) [24].

7.6  Conclusion

Sepsis is a major public health problem, and its early diagnosis currently mostly 
relies on a thorough clinical evaluation. The lack of a demonstrated added value of 
biomarkers, even those with good sensitivity, precludes their generalized use at the 
bedside to guide the initiation of antibiotic therapies. PSP has recently emerged as 
a promising biomarker of sepsis. PSP performed better than CRP and PCT at detect-
ing sepsis in various critically ill populations. PSP levels increase 48 to 72 h before 
clinical signs and symptoms of sepsis. PSP can be measured within less than 10 min 
using point-of-care testing on one drop of whole blood without a pre-analytical 
phase. Given the reported performance of CPR and PSP, we propose to include 
combined assessment of their blood levels to confirm or rule out sepsis in patients 
with a suspicion of infection. In addition, as PSP levels increase 48–72 h before the 
development of clinically overt sepsis, we also propose to integrate repetitive CRP 
and PSP measurement in the routine assessment of critically ill patients at risk 
of sepsis.
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8Organ Dysfunction Scores in the Adult 
ICU

A. Reintam Blaser, K. F. Bachmann, and Y. M. Arabi

8.1  Introduction

Multiple organ dysfunction, historically first recognized as a consequence of sepsis 
[1], is the main cause of morbidity and mortality in the intensive care unit (ICU) [2]. 
In the 1990s, the rationale of assessing organ systems concomitantly was raised [3, 
4] and, shortly thereafter, the need to quantify each of these organ dysfunctions was 
realized. Three similar scoring systems (the multiple organ dysfunction score 
(MODS), the logistic organ dysfunction score (LODS), and the sequential organ 
failure assessment (SOFA)), all of them including six organ systems, were proposed 
[5–7]. The organ systems assessed were the respiratory, cardiovascular, hematologi-
cal, liver, renal and neurological systems. All the scores have shown comparable 
performance in predicting ICU mortality [8].

A literature search in PubMed for each of these scores in adult patients (search 
formulas (respective score[Title/Abstract]) AND (adult[MeSH Terms])) resulted in 
13 titles for LODS, 50 for MODS, and 1957 for the SOFA score. Clearly, the SOFA 
score is the most established, studied, and widely used multiple organ dysfunction 
score within the critical care community. Therefore, we use the SOFA score as a 
reference for assessment of multiple organ dysfunction in the ICU. The SOFA score 
has been used for multiple purposes (Fig. 8.1).
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Fig. 8.1 Organ dysfunction scores and their clinical use. qSOFA quick sequential organ failure 
assessment score

After its original development, the name of the SOFA score was modified from 
“sepsis-related” to “sequential” illustrating further broadening of the concept and 
recognizing the importance of multiple organ dysfunction also in patients without 
severe infection [9]. The goal of the SOFA score, published by Vincent and col-
leagues, was “to describe quantitatively and as objectively as possible the degree of 
organ dysfunction/failure over time” [7]. The time factor seems particularly impor-
tant, as most ICU prediction scores such as the APACHE II, SAPS II and others, are 
based on admission day values and do not enable assessment of the patient’s trajec-
tory over time [10].

Over the three decades since SOFA was introduced, several aspects of criti-
cal care practice have evolved, and may have implications for the assessment of 
organ dysfunction. The aim of this chapter is to revisit the concept and definitions 
of organ dysfunction and failure as well as the concepts involved in establishing 
an organ dysfunction scoring system for the adult ICU population. We review the 
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evolution of assessment of organ dysfunction in- and outside of the ICU, summa-
rize possible variables reflecting organ dysfunction, and discuss their current use in 
organ dysfunction scoring systems. We point out the strengths and weaknesses of 
organ dysfunction assessment today, elaborate on the quantification of organ fail-
ure as a system for mortality prediction and study endpoints, and propose future 
perspectives.

8.2  Definition and Rationale for Assessment 
of Organ Dysfunction

Septic shock is the main reason for organ dysfunction and failure in the ICU [11]. 
Macro- and microvascular dysfunction caused by excessive humoral mediators lead 
to the development of organ dysfunction and failure [12]. The process of organ 
dysfunction is continuous and may progress to organ failure or to full recovery, 
highlighting the importance of assessing trends over multiple time points. 
Dysfunctions of different organs have different time courses; cardiovascular dys-
function commonly presents early in the course of critical illness, whereas thrombo-
cytopenia and hyperbilirubinemia (defining hematologic and hepatic dysfunction) 
often develop later in the course (Fig. 8.2) [9, 13]. Although organ dysfunction is 
common and may serve as an early warning system, organ failure is usually a life- 
threatening condition that requires immediate recognition and treatment. Assessing 
patients with potential organ dysfunction on a daily basis therefore seems to be a 
valid strategy to prevent catastrophic events [14]. Organ dysfunction scores were 
created in the 1990s to quantify organ dysfunction and to follow the dynamics of the 
disease process and not for mortality prediction. However, they were all validated 
for their ability to predict mortality and are nowadays commonly used to predict 
mortality and poor prognosis. A recent study assessing the SOFA score, systematic 
inflammatory response syndrome (SIRS) criteria, and quick SOFA (qSOFA) score 
in 184,875 patients with an infection-related primary admission diagnosis showed 
that the SOFA score had a significantly higher predictive power for in-hospital mor-
tality [15]. This was further confirmed in 2350 sepsis patients with SOFA outper-
forming qSOFA and the SIRS criteria [16]. This finding may not be generalizable to 
more selected patient populations. In the recent coronavirus disease 2019 
(COVID-19) pandemic, SOFA did not accurately predict short-term hospital mor-
tality in a retrospective analysis of 15,122 patients with COVID, with a low area 
under the receiver operating characteristic curve (AUC) of 0.66 (0.65–0.67) [17].

The SOFA score has also become an important study endpoint in large trials 
[18]. A recent systematic review and meta-regression analysis by de Grooth and 
colleagues demonstrated that treatment effects on delta SOFA appear to be steadily 
linked to mortality in randomized controlled trials (RCTs) [19]. In contrast, results 
from 87 RCTs suggested that fixed-day SOFA scores were not significantly linked 
to mortality [19]. This further emphasizes the importance of following trends rather 
than assessing single time points. A recent publication by Xu and colleagues identi-
fied four subphenotypes using categories of worsening and improving 72 h SOFA 

8 Organ Dysfunction Scores in the Adult ICU
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Fig. 8.2 Development of individual organ sequential organ failure assessment (SOFA) scores in 
critically ill patients over time. Data are taken from Vincent and colleagues [9], published in 1998 
including 1449 patients (presented as mean with standard deviation, blue and orange plots) and 
Nakashima and colleagues [13] published in 2020 including 2732 patients (presented as median 
with IQR, black plots)
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trajectories and subdividing the trajectories into rapid and delayed changes. The 
authors found that this phenotyping enabled identification of patients with the high-
est mortality risk and highest rates of mechanical ventilation [20]. Machine learning 
models further incorporate organ dysfunction scores in order to boost mortality pre-
diction [21].

8.3  Variables Representing Organ Dysfunction and Their 
Implementation into Scoring Systems

For the purpose of this chapter, different variables that may reflect organ dysfunc-
tion and failure are divided into four categories. First, clinical signs that can be 
assessed at the bedside, such as heart rate, respiratory rate or blood pressure. This 
category may also include point-of-care sonography, which has become increas-
ingly used at the bedside in the last decade and may complement clinical examina-
tion [22]. Second, laboratory findings, e.g., creatinine for the assessment of renal 
dysfunction and failure. Third, measurements and tests that are not rapidly available 
at the bedside and may require patient transport, e.g., computed tomography (CT) 
or magnetic resonance imaging (MRI). Fourth, organ system support, including 
medications and devices. Although organ support may differ significantly between 
different regions and institutions, the level of support still corresponds to the degree 
of organ dysfunction. Furthermore, variables that are obtainable only in the ICU 
should be distinguished from variables that may be obtainable in the ward or emer-
gency room. Laboratory markers are obtainable in the emergency room as well as 
on the general ward, but repetitive measurements may be cumbersome in these set-
tings. Additional tests, such as advanced measurements (e.g., CT scan) may not be 
readily available and daily assessment is not applicable.

Table 8.1 gives a list of important variables for each organ system in the four 
abovementioned categories.

The main characteristics of ideal variables to be used in the organ dysfunction 
scores are [10]:

• Simple, inexpensive, and routinely available in ICUs
• Reliable (intra- and inter-observer) and objective (independent of observer)
• Organ specific and independent of therapy
• Sequentially available, including on admission and at fixed time points during 

the ICU course
• Reflect acute dysfunction of the organ in question but not chronic dysfunction
• Reproducible in large, heterogeneous groups of ICU patients, as well as in sev-

eral types of ICU in different regions

8 Organ Dysfunction Scores in the Adult ICU
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Table 8.2 provides a list of these criteria and indicates whether the proposed four 
categories (clinical signs, laboratory findings, additional tests not available at the 
bedside, and the level of organ support) adhere to these criteria. Real world vari-
ables will most likely never fulfill all of the proposed criteria and a consensus on 
what aspects of the list should be prioritized, e.g., simplicity and low cost versus 
organ specificity and independence of therapy, has to be found. The Glasgow Coma 
Scale (GCS) score may illustrate this point, as the variable is simple and inexpen-
sive but highly therapy dependent when the use of sedation in the ICU is taken into 
account.

Table 8.2 The four proposed categories of available variables for organ dysfunction assessment 
rated by the list of criteria for ideal descriptors of organ dysfunction [10]

Bedside signs 
and 
measurements

Laboratory 
findings

Advanced tests 
and 
measurements

Organ 
support

Simple and inexpensive ++ + −− −−
Routinely available in all ICUs ++ ++ −− −−
Reliable (intra- and inter- 
observer independent)

− ++ + +

Objective (observer 
independent)

− ++ + +

Specific to the function of the 
organ in question

+/− + ++ ++

Therapy independent +/− +/− + −−
Sequential (available at ICU 
admission or shortly thereafter 
and then at fixed periods of 
time)

++ ++ −− ++

Not affected by transient, 
reversible abnormalities 
associated with therapeutic or 
practical interventions

+ + ++ −−

Reflect acute dysfunction of 
the organ in question but not 
chronic dysfunction

+ +/− +/− −−

Reproducible in large, 
heterogeneous groups of ICU 
patients

− ++ − −−

Reproducible in several types 
of ICU from different regions 
of the globe

+ ++ −− −−

Abnormal in one direction only + +/− − ++
Use continuous rather than 
dichotomous variables

−− ++ +/− −

(−−) does not apply, (−) rather does not apply, (+/−) unclear or different for specific variables in 
this category, (+) partially applies, (++) fully applies
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8.4  Organ Systems Included in the Organ Dysfunction Scores 
in the ICU

The original SOFA score includes some of the listed variables in Table 8.1, namely 
the arterial oxygen partial pressure to fraction of inspired oxygen (PaO2/FiO2) ratio, 
bilirubin, thrombocyte count, vasopressor use, blood pressure, creatinine, urine out-
put, and GCS. There have been many proposed adaptations to the original SOFA 
score for single organ systems and some additional variables presented in Table 8.1 
have been assessed:

8.4.1  Neurological Component

The neurological system component of the SOFA score is based on the GCS, which 
is easily available and shows good mortality prediction. One issue with the GCS, 
however, is that it is unclear whether to use the actual GCS score or the presumed 
GCS score, as the GCS score may be reduced due to sedation without an underlying 
neurological condition. This issue was already discussed in the original SOFA pub-
lication [7]. In order to expand the neurological SOFA component, inclusion of the 
Richmond Agitation-Sedation Scale (RASS) when GCS data are not available has 
shown adequate performance [23].

8.4.2  Cardiovascular Component

The cardiovascular component of the SOFA score has been discussed extensively 
[24, 25], and recently the need for an update has been raised [26, 27]. The main 
reason for this suggestion is that the use of dopamine, which was the most used 
vasoactive drug in the 1990s, has disappeared almost completely from many ICUs. 
Accordingly, the score lost its linearity in prediction of mortality [26, 27]. The origi-
nal MODS score used a product of heart rate and blood pressure as the cardiovascu-
lar component of the score [5]. A modified cardiovascular SOFA score consisting of 
lactate, shock index, and vasoactive agents has been proposed [24]. Additionally, 
norepinephrine equivalents have been suggested as an alternative strategy to quan-
tify cardiovascular organ dysfunction [28, 29]. Lactate and capillary refill time are 
surrogates frequently used in resuscitation [30] and troponin has been associated 
with adverse cardiovascular outcome in sepsis patients [31]. These are variables that 
might be considered to describe the cardiovascular component of multiple organ 
dysfunction. Over recent decades, there have been major developments in devices 
to support the heart [32], which are currently not considered in organ dysfunction 
scores. However, a patient in cardiogenic shock receiving extracorporeal membrane 
oxygenation (ECMO) or left ventricular support (Impella) should be categorized 
higher on the organ dysfunction scale independent of additional need for vasopres-
sors or inotropes.
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8.4.3  Respiratory Component

The respiratory system in the current SOFA score is assessed using oxygenation 
parameters but somewhat neglects ventilation parameters, such as dead space indi-
ces, low compliance, or the use of continuous neuromuscular blockade, all of which 
are linked to mortality [33, 34]. Also newer devices, such as non-invasive ventila-
tion and high flow nasal oxygen, are not included in the score. Chronic respiratory 
dysfunction currently cannot be distinguished from acute.

8.4.4  Hematological Component

The current main hematological component—the platelet count (used additionally 
to the white blood cell count in MODS and as the only variable in others)—appears 
to be strongly linked with mortality [35]. However, some other markers, such as the 
neutrophil-to-lymphocyte ratio [36] or the mean platelet volume [37], also appear to 
be good independent predictors of mortality. When assessing coagulation in clinical 
practice, variables other than platelet count (e.g., International Normalized Ratio 
[INR]) are regularly considered. On the other hand, a low platelet count may reflect 
hemopoietic as well as coagulation disorder. While a very low platelet count is usu-
ally an acute event, a milder decrease in platelet count can be chronic. Anti-platelet 
drugs influencing function and not the platelet count are currently not considered.

8.4.5  Renal Component

The renal component relies on creatinine levels, urine output, and renal replacement 
therapy (RRT), except when the latter is used for non-renal reasons (intoxication, 
metabolic disorders, rhabdomyolysis, aggressive fluid removal). In terms of mortal-
ity and compared to several other organ systems, such as cardiovascular and respira-
tory, it should be considered that renal function can be well supported also outside 
of the ICU. Moreover, patients with chronic renal dysfunction of different degree 
are common among critically ill patients. Scores that exclude the renal system com-
ponent for patients on chronic RRT have been proposed in pediatric patients, but 
this approach has not been validated in the adult population [38].

8.4.6  Hepatic Component

Hepatic dysfunction relies on bilirubin solely, which does not cover the manifold 
functions of the liver. A modified SOFA score for patients with end-stage liver dis-
ease (CLIF-SOFA), using INR and encephalopathy as new variables outperformed 
specific liver dysfunction/cirrhosis scores as well as the SOFA score in these 
patients [39].
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8.4.7  Abdominal Component

The abdominal component beyond the hepatic system was neglected in the original 
SOFA score, based on the reason that “attempting to include dysfunction/failure of 
the gut was felt to be very important, but also too complex and therefore aban-
doned” [7]. More recently it has been concluded that the challenges of measuring 
gastrointestinal dysfunction prevent inclusion of the gut system into organ dysfunc-
tion scores [40]. A European Society of Intensive Care Medicine (ESICM)-endorsed 
study recently addressed this problem and developed the GastroIntestinal 
Dysfunction Score (GIDS), which improved overall performance of the SOFA score 
in prediction of mortality [41]. Unfortunately, the two tested biomarkers (citrulline 
and intestinal fatty-acid binding protein [I-FABP]) did not improve the performance 
of the score, leaving the score based on subjective variables. Intra-abdominal hyper-
tension was included in the GIDS score as a variable reflecting the abdominal com-
partment, interacting with enteral nutrition and gastrointestinal dysfunction [42] 
and being a cause of morbidity and mortality [43]. Multiple studies have shown the 
importance of the abdominal/gastrointestinal component in the multiple organ dys-
function syndrome, justifying attempts to include it in future scores [41, 44].

8.4.8  Metabolic Component

Metabolic dysfunction with acid-base/electrolyte disturbances as well as physical/
muscle function has not been considered in organ dysfunction scores so far. Multiple 
electrolyte disorders, including refeeding syndrome, have been linked to mortality, 
but knowledge on the interplay of electrolytes is scarce [45], and interactions with 
other organ dysfunctions poorly studied.

8.4.9  Physical Component

Physical function is a mainstay of recovery far beyond the ICU and ICU-acquired 
weakness could be considered to be the organ dysfunction with the longest duration, 
also associated with long-term mortality.

8.5  Modified SOFA Scores

The strength of the original SOFA score is that most variables can be assessed at 
the bedside and it relies on laboratory measurements that are broadly available and 
part of daily measurements on the ICU. Grissom and colleagues proposed a modi-
fied SOFA score in order to perform an assessment with fewer resources, e.g., in an 
emergency room during a mass influx of patients [46]. In particular, the modified 
score used the pulse oximetry oxygen saturation (SpO2) to FiO2 ratio rather than 
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the PaO2/FiO2 ratio, did not score the coagulation system, and relied on clinical 
signs, such as icterus or jaundice, for the liver system. The other systems were left 
unchanged. The score performed similarly to the original SOFA score in a cohort 
of 1770 patients [46]. Vacheron and colleagues developed a simplified sa-SOFA 
score in 2020, in which they reduced each dimension to a 3 point ordinal scale 
(0 to 2 points) rather than the original 5 point ordinal scale (0 to 4 points) [47]. 
The score does not rely on creatinine or blood pressure values and considers total 
catecholamine use rather than only norepinephrine and epinephrine. The score out-
performed the original SOFA score in a cohort of 1436 patients [47]. Whether these 
modified scores continue to be accurate should be assessed in larger cohorts.

Mortality in critically ill patients stems from multiorgan failure. The risk of 
developing multiorgan failure may be mediated by preexisting conditions, which 
are not assessed by the SOFA score. Lee and colleagues proposed a complemented 
SOFA score by adding comorbidity parameters and age to the SOFA score [48]. 
Adding these parameters improved mortality prediction compared to the original 
SOFA score in a cohort of 1049 consecutive patients [48]. However, assessing acute 
organ dysfunction should be possible independent of preexisting conditions. 
Moreover, age and comorbidities will remain fixed over time, possibly distorting the 
dynamic/delta scores.

In order to detect states of multiple organ failure, organ systems have to be 
assessed simultaneously. One single organ system will not provide sufficient prog-
nostic information. Adding several different organ systems complements the score. 
One possible exception to this may be the neurological SOFA score (based on 
GCS), which has been shown to dominate the association between admission score 
and 30-day mortality [49].

8.6  The Future of Organ Dysfunction Scores

Although many aspects of assessing organ dysfunction are still valid, changes in 
clinical practice may have impacted the performance of organ dysfunction scores 
and newer practices may no longer be reflected within the original scoring system 
[26, 27]. Table  8.3 lists some examples of new practices that are currently not 
assessed within the current SOFA score. Indeed, each component of existing organ 
dysfunction scores can be criticized as being not comprehensive for the particular 
organ function. However, the advantage of these scores from the 1990s is their sim-
plicity and assessment of components simultaneously. Additionally, the SOFA score 
has been the most used scoring system for organ dysfunction and failure in the criti-
cally ill population. It has gained widespread interest as a marker of morbidity and 
mortality beyond sepsis patients and has become an international standard in 
research reporting and outcome measurement [5, 14]. This has enabled comparison 
of patients and research results within an established system. Such a consensus has 
yet to be found within the pediatric critical care community [50]. An established 
scoring system, such as the SOFA score, should therefore not be jeopardized lightly 
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Table 8.3 Current approaches to quantified assessment of organ dysfunction in- and outside the 
intensive care unit (ICU)

Organ system

Current approach in 
the ICU as part of an 
organ dysfunction 
score

Current approach 
outside of the ICU 
as single organ 
dysfunction

(Newer) practices not reflected 
in scores

Neurology GCS GCS Sedation
Cardiovascular cvSOFA NYHA VA-ECMO, Impella, LVAD, 

vasoactive and inotropic agents 
such as vasopressin, angiotensin 
II, milrinone, levosimendan

Respiratory PO2/FiO2, 
mechanical 
ventilation

GOLD, FEV1 High flow nasal oxygen, NIV, 
VV-ECMO, ECCO2R

Renal Creatinine, urine 
output

KDIGO CVVHD, CVVHF, IHD

Coagulation Platelet count INR, bleeding events Coagulation factors, use of 
anticoagulants and/or anti- 
platelet agents

Liver Bilirubin MELD, Child-Pugh MARS

Additional organ dysfunctions to be considered in an organ dysfunction score
Current approach in 
the ICU

Current approach 
outside of the ICU Possible future approach

Abdomen/GI GI symptoms, AGI, 
IAP

Weight loss, chronic 
diarrhea or 
constipation

GIDS, assessment of motility 
(US, pressure waves) and 
malabsorption (biomarkers)

Electrolytes Measurement and 
correction of single 
electrolytes

Measurement and 
correction of single 
electrolytes

Assessment of all electrolytes, 
management considering 
interactions

Muscle MRC Physical 
performance tests, 
myography

US, myography, physical 
performance tests?

GCS Glasgow coma scale, cvSOFA cardiovascular SOFA, NYHA New  York Heart Association 
functional classification, VA-ECMO veno-arterial extracorporeal membrane oxygenation,  
LVAD left-ventricular assist device, pO2 arterial oxygen partial pressure, FiO2 fraction of inspired 
oxygen, GOLD global initiative for chronic lung disease classification system, FEV1 expired vol-
ume at the end of first second of forced expiration, NIV non-invasive ventilation, VV-ECMO veno-
venous extracorporeal membrane oxygenation, ECCO2R extracorporeal CO2 removal,  
KDIGO Kidney Disease Improving Global Outcomes, CVVHD continuous veno-venous hemodi-
alysis, CVVHF continuous veno-venous hemofiltration, IHD intermittent hemodialysis, MELD 
Model for end-stage liver disease, MARS molecular adsorbent recirculating system, GI gastrointes-
tinal, AGI acute gastrointestinal injury grading, IAP intra-abdominal pressure, GIDS gastrointesti-
nal dysfunction score, MRC Medical Research Council scale, US ultrasonography

by new adaptations. However, since its original publication in 1996, practices within 
the critical care community have clearly changed which may be reflected in the 
dynamics of SOFA subscores (Fig. 8.2). Thus, discussion about the need and pos-
sible options to update the score is probably justified. At the same time, develop-
ment of many alternative scores may be futile and confusing. Therefore, if 
undertaken, this process of update should be well coordinated and based on a broad 
consensus in the ICU community.
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8.7  Conclusion

The introduction of organ dysfunction scoring systems was a major development in 
critical care. Over the last three decades, several aspects of clinical practice have 
evolved. As such, revisiting some of the components and underlying concepts of 
organ dysfunction scores may be warranted. Such a revision would need to be 
guided by data. Independent of discussions about an update, the application of 
organ dysfunction scores as dynamic tools assisting in treatment decisions, rather 
than as prediction tools, needs to be further developed. Studies assessing the time 
course and interactions of different organ dysfunctions are therefore warranted.
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9Ex Vivo Lung Perfusion Models 
to Explore the Pathobiology of ARDS

A. Abdalla, K. Dhaliwal, and M. Shankar-Hari

9.1  Introduction

Acute respiratory distress syndrome (ARDS) is an acute diffuse, inflammatory lung 
injury that occurs in response to a variety of insults, such as trauma, pneumonia, 
sepsis, and pancreatitis. At the bedside, ARDS is defined as respiratory failure 
within 1 week of a known insult, non-cardiogenic or volume-related etiology, bilat-
eral presence of pulmonary infiltrates, and acute onset of hypoxemia that is graded 
based on the required fraction of inspiratory oxygen [1].

ARDS is a common cause of mortality and long-term morbidity. An interna-
tional, multicenter, prospective cohort study in a convenience sample of patients in 
459 intensive care units (ICUs) from 50 countries across five continents undergoing 
invasive mechanical (IMV) or non-invasive (NIV) ventilation reported a period 
prevalence of 10.4% of ICU admissions [2]. This equates to an estimated potential 
global burden of 11.5–55 × 105 ARDS cases per year [3]. ARDS affects all age 
groups; has a high mortality in excess of 40%; and causes a long-term reduction in 
quality of life for survivors. ARDS survivors have exercise limitations, 
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psychological sequelae, decreased physical quality of life, increased costs, and high 
use of health care services for up to 5 years after they recover from their acute ill-
ness [4].

Recently, a systematic review of randomized controlled trials (RCTs) in ARDS 
highlighted the lack of any pharmacological success in clinical effectiveness trials 
[5]. An important explanation for lack of RCT success in ARDS could be inability 
of drug targets identified in pre-clinical models to favorably alter the complex 
immune changes within the lung in patients with ARDS.  This prompted us to 
explore the utility of human ex vivo lung perfusion (EVLP) models to inform ARDS 
pathobiology to facilitate accelerated translation of preclinical research to 
patient care.

EVLP is a technique to maintain lung viability outside the body for several hours 
to allow assessment and reconditioning, traditionally used in the context of lung 
transplantation. Our rationale was that human EVLP models may enhance our 
understanding of ARDS pathobiology beyond animal models and in silico co- 
culture models. Because EVLP models maintain lung tissue viability, they would 
enable us to generate the spatial landscape of early ARDS pathobiology with delin-
eation of the cell-cell interactions among the alveolar epithelium, alveolar endothe-
lium, and lung resident immune cells occurring following different insults to the 
human lung. These changes could be studied at the cell phenotype, cell function, 
and molecular levels (transcript/proteins).

9.2  ARDS Pathobiology Overview

In health, the alveolar-capillary membrane consists of a continuous layer of squamous 
epithelial cells (type 1) interspersed with type 2 alveolar epithelial cells and a base-
ment membrane that separates them from underlying capillaries with non-fenestrated 
endothelial cells. These cells are tightly bound to each other in their respective com-
partments by intercellular tight junctions expressing epithelial cadherin (E-cadherin) 
and vascular endothelial cadherin (VE-cadherin), respectively on their plasma mem-
branes. The function of the alveolar-capillary membrane is to maintain barrier integ-
rity, permit efficient gaseous diffusion, and regulate the movement of fluid, cells, and 
ions between the two compartments [6]. Resident immune cells that respond to patho-
gens and environmental insults to this barrier include alveolar macrophages, margin-
ated neutrophils, as well as resident lymphocytes in the interstitial spaces.

Broadly, insults to the alveolar-capillary membrane are categorized into direct 
(epithelial) or indirect (endothelial) injury, based on the compartment where the 
injury starts, or perhaps is dominant (Fig. 9.1). Direct and indirect injuries have 
distinct histological features [7]. One in five patients with ARDS has features of 
direct and indirect injury or mixed etiologies of lung injury. With direct injuries, the 
discontinuous hyaline membranes formed are thicker when compared with indirect 
injuries, often with greater fibrin and collagen deposition. Of note, an early cardinal 
feature of indirect injuries is VE-cadherin destabilization resulting in loss of tight 
junctions between endothelial cells. The final common pathway in direct and indi-
rect injuries is increased alveolar-capillary membrane permeability, alveolar 
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Fig. 9.1 Alveolar capillary membrane injury. IL interleukin, TNF tumor necrosis factor, AT1 
alveolar type 1 cells, AT2 alveolar type 2 cells. Created with Biorender.com

congestion, loss of functional lung architecture and decrease in the volume of aer-
ated lung tissue [8].

9.3  Different Approaches to Inducing and Attenuating Lung 
Injury in EVLP Models: Lipopolysaccharide Challenge 
as an Example

Insult can be administered via the airway or via the perfusate. Airway insults resem-
ble direct and perfusate insults indirect injuries causing ARDS. Lipopolysaccharide 
(LPS), a Toll-like receptor 4 (TLR4) agonist, has been used in other experimental 
models of lung injury both for direct and indirect insults. Two studies have evalu-
ated it using the EVLP model, each using a different mode of injury. Lee et  al. 
instilled LPS into the right middle lobe of a single lung EVLP to simulate direct 
lung injury [9]. Weathington et  al. used EVLP to model indirect lung injury by 
infusing LPS through the pulmonary artery [10]. In the study by Lee et al., the pri-
mary endpoint measured was alveolar fluid clearance, as a surrogate of alveolar 
flooding and alveolar-capillary membrane dysfunction, whereas in the study by 
Weathington et al., the endpoints were lung function, cytokine induction, and tran-
scriptional profiles. The histological pattern observed in the two studies correlated 
with the type of injury: endobronchially delivered LPS causing an increase in cel-
lularity with mainly neutrophilic and alveolar edema, while indirect injury caused 
an increase in septal thickness. These two experiments [9, 10] show the utility of 
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EVLP in studying two different mechanisms of action to induce lung injury; how-
ever, they also demonstrate variability in how this experimental model is set up. 
Namely, the number of lungs used, the perfusate solution used with or without the 
addition of blood into the circuit and its flow rate, the ventilation mode, and the 
endpoints measured to define acute lung injury.

9.4  Technical Considerations in EVLP Models

The EVLP system was conceptualized around the same time as the original descrip-
tions of ARDS by Asbaugh and colleagues [11]. The lungs used in EVLP models 
are sourced postmortem. Therefore, by definition, lungs used in all EVLP models 
will have some degree of direct, and or indirect insult, prior to harvesting. EVLP 
models enable experiments that last between 4 and 12 h to be performed [12]. Thus, 
EVLP models are of most use in studying pathobiology of early lung injury.

A landmark advance in the EVLP model was the Lund protocol, which enabled 
transplantation of a harvested lung from a non-heart-beating donor by maintaining 
ex vivo lung viability [13], and replicated in subsequent studies with a substantial 
increase in the lungs that are suitable for transplant [14]. Lung viability in clinical 
transplantation is based on functional assessment encompassing lung airway pres-
sures, compliance, and gas exchange throughout EVLP (Box 9.1). EVLP models 
have also been used to study the physiological as well as the histological and molec-
ular phenotype of pulmonary arterial hypertension, idiopathic pulmonary fibrosis, 
and emphysema [15]. Many of these assessments have similarities with unanswered 
questions around early ARDS pathobiology, which could be addressed with EVLP 
models. For example, EVLP models have been used to induce lung injury directly 
or indirectly with a variety of pathogenic organisms and LPS [9, 10, 16, 17], and 
then to test therapies ranging from mesenchymal stem cells to small molecules, 
which are currently being tested in early phase clinical trials [18–20].

The basic technique for EVLP is very similar across protocols; the circuit is illus-
trated in Fig. 9.2. A pump drives perfusate around the circuit through a gas mem-
brane attached to a heater-cooler, then through a leukocyte filter. The perfusate then 
enters the pulmonary artery and drains from the left atrium to a reservoir or cannula 
back into the circuit. Transducers, thermometers, and flow meters are placed within 
the circuit for monitoring purposes. The differences in the protocols lie in whether 
the left atrium is left open or closed, the targeted perfusate flow rate, the ventilation 
strategy, and whether red cell concentrate is added or not to the perfusate (Table 9.1).

Box 9.1 Acceptance criteria after EVLP

•  The ratio of arterial oxygen partial pressure (PaO2 in mmHg) to fraction of inspired 
oxygen ≥350 mmHg

• Stable or improving pulmonary artery pressure
• Stable or improving airway pressures
• Stable or improving pulmonary compliance
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Fig. 9.2 Ex vivo lung perfusion (EVLP) circuit. Created with Biorender.com

Table 9.1 Variables to consider in ex vivo lung perfusion models

Parameter Options Description Advantages Disadvantages
Lungs Single Single lung used Increases number of 

experiments
Less 
physiological

En-bloc Both lungs used More physiological Lack of internal 
control

Ventilation Continuous 
positive airway 
pressure

Easier set-up Less 
physiological

Positive 
pressure 
ventilation

More physiological Ventilator- 
associated lung 
injury

Perfusion 
flow rate

100% cardiac 
output

More physiological May reduce 
experimental 
time by 
endothelial 
damage

40% cardiac 
output

More physiological Ideally requires 
a left atrium for 
cannulation

0.2–0.5 l/min Prolonged period under 
experimental conditions

Less 
physiological

Perfusate Cellular Addition of either 
red cell 
concentrate or 
whole blood to 
perfusion fluid

Increased oxygen 
carrying capacity, more 
physiological, whole 
blood provides peripheral 
leukocytes to study injury

More complex 
set-up

Acellular No cellular 
additions to the 
perfusion fluid

Easier set-up, can study 
resident cells in isolation

Less 
physiological
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9.4.1  Ventilation

During EVLP, the lungs can either be inflated with continuous positive airway pres-
sure (CPAP) or mechanically ventilated with positive-pressure ventilation. These 
two strategies have not been directly compared in EVLP models. We can only sur-
mise that a lung protective ventilation strategy is more likely to reproduce the pul-
monary mechanics seen in ARDS within the EVLP model. In contrast, CPAP 
inflation is a simpler experimental design, and may reduce the cyclical stretch- 
collapse related insult with positive-pressure ventilation.

9.4.2  Perfusion Pressures and Flow Rate of Perfusate

The pulmonary vascular resistance is usually raised. Depending on the duration of 
hypoxic time, the extent of endothelial injury will differ between lungs. Therefore, 
studies thus far using EVLP models have used varying flow rates, ranging from 40% 
to 100%, with flow rates ranging from 0.2–0.5 l/min [9, 10, 15–17]. The inspired frac-
tion of oxygen delivered can also be adjusted to ensure normoxemia of the perfusate.

The choice of perfusion strategy should therefore be guided by the underlying 
hypothesis being tested. For example, if a physiological response is sought, clinical 
EVLP perfusate flows are appropriate; however for a more mechanistic study at the 
cellular network level with length of time in the system important, a more conserva-
tive flow strategy should be adopted.

9.4.3  Controls for Experiments

Due to the heterogeneity of lung harvesting and of individual donors, the EVLP 
model provides an excellent opportunity for internal control. Thus, lungs can be 
perfused in a single lung preparation, using direct injury models, with an uninjured 
lobe acting as the control [9, 19], or using indirect injury with the contralateral lung 
acting as the control [21]. En-bloc preparations have also been used [10, 15], and 
again the choice is determined by the underlying experimental question.

9.4.4  Cellular or Acellular Perfusion?

A major difference between the three commonly used clinical protocols for EVLP 
(Table 9.1) is whether red cell concentrate is used as part of the perfusate. When red 
cell concentrate is used, it is termed cellular, and acellular when not (e.g., the ‘Toronto’ 
protocol is acellular). When red cell concentrate is used, the target hematocrit is usually 
10–15%. Two main indications for using a cellular perfusate in the clinical setting are 
to better mimic physiological flow through the pulmonary vasculature and to allow for 
more accurate oxygen blood gas analysis [22]. In the context of experimental studies of 
lung injury, cellular perfusion usually entails the addition of whole blood into the cir-
cuit to provide peripheral leukocytes to respond to the injury. In these studies, authors 
have found that alveolar fluid clearance, a measure of lung injury, was only impacted 
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once whole blood was added to the system [16, 23]. The advantage of using an acel-
lular perfusate is the ability to study the resident lung cell population in isolation, thus 
simplifying experimental design and logistics [10, 18, 24]. Blood gas analyses of acel-
lular perfusates are unreliable. Therefore other physiologic parameters of lung injury, 
such as markers of reduction in lung compliance, should be monitored [22].

9.5  Defining ARDS in EVLP Models

Guidance from the American Thoracic Society for animal models of ARDS recom-
mends at least three of four key features: (1) histologic evidence of tissue injury; (2) 
alteration of the alveolar-capillary barrier; (3) presence of an acute inflammatory 
response; and (4) evidence of physiologic dysfunction [25]. These criteria are easily 
adapted for EVLP models, as shown in Table 9.2, into the experimental design in 
Fig. 9.3.

Table 9.2 Assessment of presence of lung injury in ex vivo lung perfusion (EVLP) models

Feature EVLP information
Alteration of the alveolar-capillary 
barrier/ evidence of physiologic 
dysfunction

Physiological parameters—pulmonary arterial pressure, 
lung compliance, alveolar fluid clearance
Alveolar-capillary barrier function—lung wet-to-dry 
ratio, BAL albumin, protein or Evan’s blue dye 
accumulation in lung homogenates

Histologic evidence of tissue injury Light and electron microscopy
Presence of an acute inflammatory 
response

Tissue imaging for markers
Flow cytometry
Activation markers on leukocytes
Chemokine or cytokine measurement in BAL fluid or 
lung tissue

BAL bronchoalveolar lavage

Fig. 9.3 Ex vivo lung perfusion (EVLP) experimental options. CPAP continuous positive airway 
pres sure
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9.6  EVLP Challenges

The lung environment in experimental EVLP models tends to be ‘primed’ by the 
illness of the deceased, the harvesting, and the cold ischemic time. For example, in 
the case of brain-dead donors, the immune system is activated [26, 27], and the 
warm ischemic time after cardiac arrest also results in immune activation along with 
cell death [28, 29]. Placement of harvested lung, and rewarding during EVLP also 
triggers an inflammatory response with increases in cytokines, such as interleukin 
(IL)-6, IL-8, IL-1β, and monocyte chemoattractant protein (MCP)-1 [15, 30], and 
an altered transcriptional state characterized by altered tumor necrosis factor 
(TNF)-α signaling, apoptosis, and vascular pathways [15, 31]. Thus, when inter-
preting experimental results in lung injury models, these factors must be considered 
However, it is possible to draw mechanistic insight by separating the baseline 
changes from post-injury changes using appropriate controls.

9.7  Conclusion

EVLP models offer a translatable insult-injury-testing platform for functional and 
molecular characterization of acute lung injury. The platform could become an 
essential step in the translational pipeline for ARDS management.
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10Interpretation of Lung Perfusion 
in ARDS

L. Ball, F. Marchese, and P. Pelosi

10.1  Introduction

Supportive treatments in patients with acute respiratory distress syndrome (ARDS) 
are mainly aimed at ensuring gas exchange, which is determined by the matching of 
lung ventilation and perfusion [1]. Clinical practice is typically more focused on 
manipulating ventilation through changes of ventilator settings, rather than balanc-
ing ventilation and perfusion, although these two components are equally important 
in determining the adequacy of oxygenation and carbon dioxide (CO2) removal. The 
body of evidence shaping the current clinical management of ARDS [2] is built 
based on the randomized trials conducted in the last three decades, most of which 
were centered on ventilatory management targeting oxygenation and/or respiratory 
mechanics [3]. Nonetheless, lung perfusion is indirectly affected by several factors 
characterizing the care of patients with ARDS admitted to the intensive care unit 
(ICU), including hemodynamic management and mechanical ventilation itself [4]. 
Therefore, understanding the mechanisms of lung perfusion and ventilation match-
ing seems crucial for optimizing the clinical management of patients with ARDS 
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[5]. Despite the availability of several techniques to assess lung perfusion in the 
clinical setting, the basic concepts of the modeling of ventilation-perfusion match-
ing are derived from earlier studies conducted on healthy subjects, subsequently 
translated to ARDS. The inhomogeneity of ARDS lungs [6] substantially compli-
cates the interpretation of ventilation-perfusion matching and imbalances between 
ventilation and perfusion are rarely taken into account when treating patients with 
ARDS [7]. The aim of this chapter is to provide a critical approach to the interpreta-
tion of lung perfusion in ARDS, from pathophysiology to clinical practice.

10.2  Determinants of Gas Exchange

Blood gas exchange represents the core task of the respiratory system and depends 
on three components: ventilation (), diffusion, and perfusion ( �Q ). All these mecha-
nisms can be impaired in ARDS, with a major role of the matching between �V  
and �Q  [8].

10.2.1  Ventilation

Ventilation includes alveolar and physiological dead space ventilation, with ana-
tomic dead space accounting for 2–3 ml/kg of body weight in healthy subjects during 
spontaneous breathing and alveolar dead space caused by unperfused respiratory 
units [9]. In normal conditions, convective movements drive gas through the airways, 
while diffusive movements drive gas through the respiratory zone [10]. Once ventila-
tion has reached the alveolus, diffusion occurs according to Fick’s law [1]. At con-
stant dead space, the elimination of CO2 (VCO2

� )  is proportional to alveolar 
ventilation (VA

� ) , i.e., � �VCO = k V PaCO2 A 2× × , thus the PaCO2 is inversely propor-
tional to �VA

 [11]. Ventilation can be impaired by several mechanisms including 
alveolar flooding, loss of aeration, atelectasis, hyperinflation, and pneumolysis 
(Fig. 10.1, left panel). All these alterations can coexist in ARDS from different eti-
ologies [12, 13].

10.2.2  Perfusion

When considering the lung as a whole organ, lung perfusion ( �Q) equals the cardiac 
output, while at the regional level it is represented by the alveolar capillary blood 
flow. The cardiac output streams through the lungs with low pressures as compared 
to the systemic circulation, and its regional distribution depends on several mecha-
nisms including hypoxic vasoconstriction and is affected by ventilation itself. 
Certain capillaries are not perfused in resting conditions, but can be reopened at 
higher right heart pressures or lung volumes in a process known as vascular recruit-
ment [14]. Perfusion can be altered in ARDS through several mechanisms including 
aberrant regulation of vasal tone, endothelial swelling, embolism or thrombosis, and 
vascular lysis [15], as illustrated in Fig. 10.1, right panel.
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Fig. 10.1 Left panel, main pathological alterations of ventilation. Right panel, main pathological 
alterations of perfusion

The distribution of regional perfusion in the supine position has been tradition-
ally described as gravity-dependent, with dorsal regions receiving more perfusion 
than ventral ones [16]. However, in inhomogeneous ARDS lungs where weight dis-
tribution is massively skewed towards the dorsal regions [17], the increase of perfu-
sion in the dependent regions could only derive from the backward dislocation of 
most of the lung tissue and vasculature. To compensate for this, perfusion in ARDS 
lungs should be related to the amount of lung tissue. The few studies that have 
investigated the distribution of perfusion accounting for the amount of lung tissue 
observed different patterns—an anti-gravitational distribution in coronavirus dis-
ease 2019 (COVID-19) [18] and a bell-shaped, linear or gravitational ventral-to-
dorsal distribution in conventional ARDS [19]—depending on the level of applied 
positive end-expiratory pressure (PEEP) [20] and the position [21].

10.3  The Ventilation:Perfusion Ratio: Definition and Pitfalls

In healthy lungs, ventilation and perfusion are balanced not only from a conceptual 
point of view, but also numerically. In fact, when minute ventilation (correspond-
ing to �V) and cardiac output (corresponding to �Q) are measured at rest, they are 
both in the order of magnitude of 5 l/min. While this absolute value may vary, the 
approximation � �V Q»  remains valid in uninjured lungs of several animal species 
[16]. Mismatching between �V  and �Q  is responsible for most of the pathophysio-
logical and clinical conditions where gas exchange is impaired [22], including 
ARDS [23].
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Earlier studies on ventilation and perfusion matching investigated their ratio, 
namely dividing �V  by �Q : when these are equal their ratio is 1 [11]. Values less than 
1 indicate more perfusion than ventilation (low � �V Q/ ) resulting predominantly in 
impaired oxygenation and decreased PaO2, while values greater than 1 denote more 
ventilation than perfusion (high � �V Q/ ), which results predominantly in reduced 
CO2 washout, thus increased PaCO2 [1]. However, the choice of using division as a 
tool to compare �V  and �Q  has mathematical consequences when either �V  or �Q  is 
equal to zero.

When �V = 0 , its ratio to perfusion remains 0 at any blood flow: this is the clas-
sical definition of shunt, or perfused, non-ventilated regions, which are a major 
determinant of oxygenation impairment in ARDS. The sum of low � �V Q/  and shunt 
is referred to as venous admixture. An example of shunt is consolidation or atelec-
tasis in the presence of impaired hypoxic vasoconstriction, while low � �V Q/  can 
occur in ground-glass opacities due to either increased perfusion or reduced ventila-
tion, as observed in early COVID-19 pneumonia [24]. On the other hand, when 
�Q = 0  the � �V Q/  ratio becomes infinite at any ventilation rate. This compartment is 

defined as dead space, which, together with high � �V Q/ , constitutes wasted ventila-
tion. A clinical example of dead space is pulmonary embolism, while high � �V Q/  
may occur in regions receiving reduced perfusion or increased ventilation, e.g., for 
the application of high PEEP and consequent mechanical compression of pulmo-
nary vasculature or excessive spontaneous ventilation at higher lung volumes. A last 
and underexplored anomaly of � �V Q/  is when both �V  and �Q  equal zero, corre-
sponding to lung regions that are simultaneously non-ventilated and non-perfused. 
While from a mathematical standpoint 0/0 is an indefinite form (i.e., it cannot be 
computed and is neglected in the classical model describing � �V Q/  matching), from 
a pathophysiological point of view this corresponds to clear clinical entities in 
ARDS, such as consolidation or atelectasis in the presence of hypoxic vasoconstric-
tion or pulmonary vascular thrombosis occurring in an injured, non-ventilated lung 
region. This non-ventilated, non-perfused compartment can only be explored 
regionally with a few imaging techniques and has been very rarely addressed by 
traditional studies of lung perfusion. Nonetheless, in a study in COVID-19-related 
ARDS, the size of this compartment ranged from 0% to 30% of the total lung mass, 
with a median value of 7% in endotracheally intubated patients [18].

Figure 10.2 shows all possible combinations of ventilation and perfusion. When 
interpreting lung perfusion at the regional level, � �V Q/ = 1  represents an ideal con-
dition (the white diagonal area) derived from any combination of proportionally 
matched ventilation and perfusion, including non-physiological regions with low 
ventilation and low perfusion or high ventilation and high perfusion. An example of 
the latter case is represented by a septic patient with increased ventilation demands 
due to a hypermetabolic state, compensated by an increased cardiac output, with a 
paradoxical matching of ventilation and perfusion in the presence of pathological 
changes on both sides. The blue and red boxes in Fig. 10.2 represent shunt and dead 
space, which are considered homogeneous in the classical interpretation of � �V Q/ , 
being respectively � �V Q/ = 0  and � �V Q/ = ¥ . However, their contribution to gas 

L. Ball et al.
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Fig. 10.2 Relationship between ventilation (y axis) and perfusion (x axis)

exchange impairment in ARDS is different at the regional level, considering that 
dead space areas could receive low to high fractions of the minute ventilation, and 
shunt regions could be perfused by low to high proportions of the cardiac output.

Overall, while the interpretation of � �V Q/  matching at the whole-lung level is 
well established, caution should be posed when translating these concepts at a 
granular regional scale especially in ARDS. These considerations might only 
appear theoretical. However, we should strive to bring them to the bedside when 
caring for patients with ARDS, considering the cardiopulmonary system as tar-
geting continuously matching of ventilation and perfusion while ensuring meta-
bolic needs.

10.4  Static and Dynamic Assessment of Ventilation 
and Perfusion

Ventilation and perfusion are difficult to assess, especially at the bedside, with the con-
temporary reference technique for evaluating their regional matching being single pho-
ton emission computed tomography (SPECT) [25]. Several diagnostic tools are in fact 
unable to actually measure ventilation and perfusion, but rather provide a snapshot of 
the distribution of gases and blood in the lungs (see Table 10.1) [26]. As illustrated in 
Fig. 10.3, ventilation can be defined at the regional level as the change in volume from 

10 Interpretation of Lung Perfusion in ARDS
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Fig. 10.3 Differences between ventilation and aeration in case of no relevant hyperinflation 
(upper panel) and static hyperinflation due to high positive end-expiratory pressure (PEEP) (lower 
panel). Vexp end-expiration alveolar volume, Vinsp end-inspiration alveolar volume, MAP mean air-
way pressure, RR respiratory rate

expiration to inspiration. The gold standard for measuring lung aeration is computed 
tomography (CT), and may provide a reasonable surrogate for ventilation in the 
absence of relevant hyperinflation [27]. However, especially when higher levels of 
PEEP are used, resulting in static hyperinflation at end-expiration, highly aerated lung 
regions may not receive ventilation, acting as dead space (Fig. 10.3, bottom panel). 
Estimating ventilation with non-dynamic CT would require acquiring two scans at end-
expiration and end-inspiration, an approach largely confined to research purposes. The 
only clinically available tool capable of capturing ventilation in real time is electrical 
impedance tomography (EIT) [28], which will be discussed in detail later.

Similarly, assessment of perfusion would require monitoring of blood flow over 
time. The interaction between pulmonary blood flow, pulmonary blood volume, and 
size of pulmonary capillaries is illustrated in Fig. 10.4. Flow is the quantity of blood 
that passes through a capillary section per unit of time, while volume is the static 
amount of blood inside a capillary. At a given pulmonary blood volume and capillary 
size, different blood flows might be present. On the other hand, the same blood flow 
will result in different pulmonary blood volumes if passing through capillaries of dif-
ferent sizes. However, studies in models of ARDS showed an acceptable correlation 
between blood flow and blood volume, suggesting that the latter could act as a reason-
able surrogate of lung perfusion [29]. EIT also offers the possibility of assessing per-
fusion, analyzing changes in chest impedance after injection of hypertonic saline [28].

10 Interpretation of Lung Perfusion in ARDS
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Fig. 10.4 Differences between pulmonary blood flow and blood volume at constant pulmonary 
blood volume (PBV) (left comparison) and constant pulmonary blood flow (PBF) (right 
comparison)

10.5  Alveolar Perfusion Pressure

Gas exchange occurs at the interface between the alveolar and capillary surfaces, 
where blood flow is driven by the differential pressure between arterial and venous 
districts. Pulmonary capillary pressure cannot be easily measured at the bedside, 
being defined as Pcap = LAP + PCRF ⋅ (PAP − LAP), where PCRF is post-capillary 
resistance fraction, and PAP and LAP are the mean pulmonary artery and left atrial 
pressures, respectively [30]. Lung capillaries are also subject to alveolar pressure 
(PALV) and pleural pressure (Ppl), thus creating a transmural pressure gradient 
between the epithelium and endothelium. Interestingly, the pressure in the intersti-
tium during spontaneous breathing is more negative than is the pressure in the 
pleura. During inspiration, the changes in Ppl underestimate changes in the intersti-
tial pressure (Pint) [31, 32]: in fact, the size of capillaries, affecting perfusion, 
depends on the application of tensile or compressive forces, respectively seen dur-
ing spontaneous breathing and positive pressure ventilation [13]. Recent data sug-
gest that tensile stress may lead to less lung injury than compressive stress, likely 
depending on how the direction of applied forces acts on regional transmural pres-
sures. Overall, the hydrostatic perfusion pressure (Pperf = Pint − Pcap) is influenced by 
other components, such as lymphatic drainage [13] and could increase the migra-
tion of inflammatory cells from the blood to the alveolus. The Pint is directly propor-
tional to PALV and inversely to Ppl, thus being different in spontaneous breathing 
versus positive pressure ventilation. Moreover, higher hydrostatic perfusion alone 
does not necessarily imply higher Pperf, as Pperf is also proportional to capillary 
resistance.

L. Ball et al.
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10.5.1  Perfusion as Determinant of Lung Injury

Pulmonary blood flow and pulmonary capillary pressure have both been related to 
the development of ventilator-induced lung injury (VILI) in an experimental model 
[33]. Under high capillary pressure conditions, endothelial cells are subject to 
mechanical stretch due to increased capillary wall tension, while high flow results 
in the application of shear stress forces and endothelial cell deformation [34]. These 
mechanisms may explain how targeting supranormal cardiac output, and thus pul-
monary blood flow, may even worsen the clinical outcome in critically ill patients 
[35]. In the management of ARDS, conservative ventilatory strategies aimed at 
achieving lung rest rather than aggressive recruitment have been proposed [36]; ide-
ally, this approach could also benefit from integration with conservative hemody-
namic management.

10.6  How to Assess Lung Perfusion

Over the years, different diagnostic techniques have been applied to the study of 
pulmonary perfusion and ventilation. The study of lung perfusion is meaningful, 
especially if coupled with the assessment of ventilation.

10.6.1  Assessment of Global Lung Perfusion

At the whole-lung level, the reference method is the multiple inert gas elimination 
technique (MIGET) [7, 37]. This method is based on the analysis of exhaled versus 
pulmonary blood concentrations of six different inert gases and enables the distribu-
tion of �V  and �Q  to be plotted as a function of the � �V Q/  ratio. This is an extremely 
complex technique, never applied in clinical practice; however, it contributed enor-
mously to the understanding of � �V Q/  mismatch and MIGET plots are a core part of 
physiology handbooks and scholarly literature [1, 8, 22]. MIGET plots have a bell-
shaped distribution in healthy subjects, where �V  and �Q  are well matched, but can 
have a bimodal or asymmetrical distribution in ARDS [8] (Fig. 10.5, top panels).

In MIGET plots, the distributions of �V  and �Q  are plotted against their ratio in 
a logarithmic scale, whereas shunt and dead space, corresponding to � �V Q/  values 
of 0 and ∞, are reported as dots at the boundaries of the horizontal axis. The dead 
space fraction, comprising airway and anatomical dead space, is typically off scale. 
The MIGET method is intrinsically blind to the extent of non-ventilated, non-per-
fused regions. To increase clinical feasibility, a simplified MIGET-derived alterna-
tive method based on changes of the inspired oxygen fraction (FiO2) has been 
proposed [38]; however, this method requires the FiO2 to be lowered drastically, 
which makes it unsafe in ARDS patients [7].

More recently, especially for illustrative purposes, a histogram of � �V Q/  fre-
quency distribution has also been proposed [1], showing the amount of lung tissue 
or volume characterized by a specific � �V Q/  ratio. Since these plots (Fig.  10.5, 
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Fig. 10.5 Example of multiple inert gas elimination technique (MIGET) plots (upper panels) in a 
mechanically ventilated patient with non-injured lungs (left) and one with acute respiratory dis-
tress syndrome (ARDS) (right); distribution of ventilation/perfusion ( � �V Q/ )  as a percentage of 
lung tissue (middle panels); corresponding computed tomography (CT) scan (bottom panels)

middle panels) resemble MIGET plots, they carry a substantial risk of misinterpre-
tation. The MIGET plots report the amount of blood and gas flow received by por-
tions of lung with a certain � �V Q/  ratio and refer to the whole lung. Conversely, 
� �V Q/  frequency distribution histograms show the amount of lung volume or tissue 

with a given � �V Q/  ratio and can be used to plot the overall distribution of regional 
lung � �V Q/  imaging techniques [18]. In the example in Fig. 10.5, � �V Q/  is expressed 
as a fraction of the total lung weight: the dead space being typically located in aer-
ated regions, its weight is relatively low; therefore, the corresponding dot is no 
longer out of the Y axis scale as in the MIGET plot.
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10.6.2  Assessment of Regional Perfusion

The assessment of regional perfusion in ARDS relies on the use of imaging tech-
niques. Compared to the MIGET method, these approaches enable identification of 
the regional distribution of perfusion or its surrogates [26]. Lung perfusion imaging 
techniques can be classified into those requiring the administration of radionuclides, 
those exposing the patient to ionizing radiations, and those that are radiation-free. 
Unfortunately, most imaging methods require moving the patient to the radiology 
facility, thus strongly limiting their use in clinical practice at the bedside in critically 
ill patients. Table 10.1 provides an overview of available techniques, highlighting 
their advantages and pitfalls. This paragraph describes in more detail the most rel-
evant techniques currently available. The reference method for assessing regional 
� �V Q/  matching is SPECT, and it is typically combined with CT acquisition 

(SPECT/CT) to enabling simultaneous assessment of ventilation, perfusion, and 
lung morphology. However, this technique requires the administration of a radiola-
beled inhaled gas, such as 81mKr or inhaled aerosolized 9mTc-labeled particulate for 
the ventilation side and 9mTc-macroaggregated albumin for perfusion [25]. The 
main historical indication for SPECT is pulmonary embolism in non-injured lungs, 
and it has been used in ARDS only for research purposes. Among radiological tech-
niques, the reference is perfusion CT [29]. This technique requires the continuous 
irradiation of a thick chest slab during injection of a contrast medium; blood flow is 
inferred from iodine-induced changes in CT attenuation. It is associated with high 
radiation exposure, and cannot examine the whole lung but rather a limited axial 
section. As an alternative, dual-energy CT (DECT) has been introduced in some CT 
scanners. In a single scan, DECT can acquire the entire lung, providing a map of 
distribution of lung aeration and blood volume. Its application in ARDS is recent, 
and a study in COVID-19 introduced its quantitative analysis, proposing the use of 
the gas to blood ratio as a surrogate for the regional � �V Q/  [18]. Since DECT is 
available only with two CT scanner vendors, alternatives are under investigation. In 
particular, the possibility of deriving pulmonary blood volume maps that co-register 
non-contrast and contrast-enhanced conventional CT scans seems promising [39]. 
CT-based techniques all share the potential to explore the size of the non-aerated, 
non-perfused compartment.

Among radiation-free techniques, magnetic resonance imaging (MRI) has been 
recently validated as a tool to estimate lung aeration [40] and a lung-specific 
sequence, such as the perfusion mapping with phase-resolved functional lung 
(PREFUL) MRI, has been developed to implement � �V Q/  assessment on a conven-
tional MRI scanner [41]. The applicability and clinical role of MRI in ARDS has yet 
to be determined.

The only available bedside, radiation-free technique is EIT. As discussed above, 
EIT enables measurement of both �V  and �Q  and is the only technique gaining 
attention as a clinical tool to guide decision-making in ARDS [26], albeit mainly 
limited to large teaching hospitals. The main limitations of EIT are the low spatial 
resolution, the ability to investigate only a single axial slice of lung, the need for 
further validation of the algorithms measuring perfusion, and the intrinsic inability 
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to explore non-aerated, non-perfused areas. Despite these limitations, the extension 
of � �V Q/  mismatch assessed with EIT has been associated with mortality in 
ARDS [42].

10.7  How to Manipulate Lung Perfusion

Several pharmacological and non-pharmacological treatments commonly used in 
the care of patients with ARDS may influence lung perfusion. Some of these are 
used intentionally to manipulate perfusion; others affect it indirectly, sometimes 
with unwanted drawbacks.

10.7.1  Drugs

Several drugs commonly used in critically ill patients induce pulmonary perfusion 
modifications, and while some are used with this purpose, others can bring such 
alteration unintentionally. Traditionally used and well-known vasodilators are nitric 
oxide (NO) donors (inhaled NO, sodium nitroprusside, and nitroglycerin). Inhaled 
NO has the potential of improving � �V Q/  matching through selective vasodilation in 
ventilated regions, but its impact on mortality in patients with ARDS remains 
unproven [43]. Other drugs with unselective pulmonary vasodilating effects include 
prostacyclin, phosphodiesterase inhibitors, and endothelin antagonists [44]. 
Intravenous almitrine may also improve � �V Q/  matching, boosting hypoxic vaso-
constriction in injured lung regions [44].

Other agents, less known for their effects on pulmonary perfusion, especially 
during hypoxic vasoconstriction, which is key in limiting hypoxemia in ARDS [8], 
are frequently administered with diverse purpose, and include angiotensin convert-
ing enzyme (ACE)-inhibitors [45], calcium-channel blockers [46], corticosteroids, 
acetazolamide, and catecholamines. The effects on pulmonary vasculature are 
poorly described in ARDS, and the clinical relevance of their effects on � �V Q/  
matching is unclear.

10.7.2  Ventilation

Ventilation itself, in particular the choice of PEEP level, can modify perfusion con-
siderably. In low � �V Q/  compartments, higher PEEP levels may produce mechani-
cal capillary compression [1, 47] due to reduction of the alveolar perfusion pressure, 
possibly resulting in improved � �V Q/  matching and oxygenation, provided that the 
blood flow is not diverted towards non-aerated regions. In normal � �V Q/  regions, 
high PEEP levels may alter � �V Q/  matching, resulting in high � �V Q/  compart-
ments, whereas in hyperinflated regions the mismatch might be further worsened 
with increase in dead space [13]. This phenomenon has important clinical 
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implications, since improvement or derangements of oxygenation may be due to 
redistribution of regional perfusion and not to structural changes of the pulmonary 
parenchyma.

10.7.3  Positioning

Body positioning also has relevant implications, though with debated differences 
between healthy lungs and ARDS. Gravity draws blood towards dependent regions 
of the lungs [16]. Prone positioning reduces mortality in severe ARDS [48], but 
the main mechanism underlying oxygenation improvement in the prone position 
seems to be more attributable to redistribution of ventilation rather than redistri-
bution of perfusion [21]. However, since lung loss of aeration is predominantly 
located in dorsal regions in ARDS, redistribution of ventilation alone will result 
in improvement of � �V Q/  even if perfusion remains substantially unchanged. 
Lateral positioning could also have a role in improving oxygenation in unilateral 
pneumonia or in ARDS with predominance of injury in one side [49]. However, 
lateral positioning has unclear effects on mortality and carries the risk of migra-
tion of inflammatory mediators and bacteria from the injured lung to the depen-
dent one. For these reasons, lateral position in ARDS should be considered only 
in selected cases [50].

10.8  A Six-Compartment Model to Describe Regional V/Q 
Matching

A six-compartment model can be proposed to explain gas exchange impairment in 
ARDS, considering the � �V Q/  ratio to describe the relationship between ventilation 
and perfusion. These six, mutually exclusive compartments are illustrated in 
Fig. 10.6 and are here described: (1) Functional exclusion, accounting for regions 
with no perfusion and no ventilation. In these regions the abolition of ventilation 
(i.e., collapse or consolidation) is matched with the abolition of perfusion (i.e., 
effective hypoxic vasoconstriction or mechanical compression of blood vessels). (2) 
Shunt, or complete loss of ventilation with preserved perfusion, the impact of which 
on the impairment of oxygenation is dependent on the amount of perfusion of such 
regions. Shunt is not responsive to increase in FiO2 but may respond, through 
recruitment, to higher PEEP levels. (3) Low � �V Q/  regions, corresponding to poorly 
ventilated regions with normal perfusion or normally ventilated regions with 
increased perfusion. This compartment contributes to oxygenation impairment, and 
may respond to increase in FiO2 and possibly to PEEP, through reduction of perfu-
sion by mechanical vasoconstriction. (4) Regions with matched � �V Q/ , correspond-
ing to lung areas with any proportional matching of ventilation and perfusion. (5) 
High � �V Q/  regions, thus normally ventilated regions with decreased perfusion or 
increased ventilation in normally perfused regions. (6) Dead space, corresponding 
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Fig. 10.6 A six-compartment model to describe regional ventilation-perfusion ( � �V Q/ ) matching. 
HPV  hypoxic pulmonary vasoconstriction

to non-perfused regions with reduced, normal, or increased ventilation. The impact 
on CO2 removal of this compartment may be worsened by the application of higher 
PEEP levels.

These six compartments should be thought of as a system of communicating ves-
sels: any manipulation of ventilation or hemodynamics ideally targeting one of the 
compartments will necessarily affect the others, as part of the ventilation or perfu-
sion will be diverted from one to another.

10.9  Conclusion

Regional lung perfusion and its abnormalities are important determinants for gas-
exchange in ARDS, representing a current and future challenge for the intensivist to 
optimize ventilatory settings. When confronting ARDS with this mind, if we only 
think about ventilation, we might realize that we are missing ‘the dark side of the 
moon’. However, the assessment of regional perfusion is not easy at the bedside and 
new techniques should be developed and validated in the near future.
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11A Structured Diagnostic Algorithm 
for Patients with ARDS

L. D. J. Bos, H. -J. de Grooth, and P. R. Tuinman

11.1  Introduction

Patients admitted to the intensive care unit (ICU) with acute respiratory failure fre-
quently fulfil the criteria for acute respiratory distress syndrome (ARDS) [1]. The 
diagnosis is based on radiological, physiological, and clinical criteria described in 
the ‘Berlin definition’ (Table 11.1) [2]. Yet establishing the diagnosis of ARDS has 
limited treatment consequences in and of itself, as the available evidence-based 
interventions are mainly related to minimizing iatrogenic damage (e.g., ventilator- 
induced lung injury [VILI] and fluid overload) rather than the use of specific treat-
ments. Whereas the intervention options for the syndrome itself are limited, adequate 
and timely treatment of the causal underlying condition has a major impact on the 
improvement of outcomes for patients with ARDS [3].

The classical description of ARDS relies on the histological finding of diffuse alve-
olar damage secondary to another condition (one of the clinical risk factors described 
in Table 11.1) [4]. Diffuse alveolar damage is an untreatable finding and must be dis-
tinguished from a large number of diseases that also meet the ARDS syndrome defini-
tion but are treatable [5]. Table 11.2 provides an overview of the differential diagnoses 
that must be taken into account in patients suspected of having ARDS.

It should be possible to establish a definitive causal diagnosis within 7 days after 
onset in the vast majority of patients with ARDS. Yet, the often chaotic nature of 
clinical reality can lead to a delayed and haphazard search for underlying causes, 
especially in patients with multiple important problems.
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Table 11.1 Berlin definition of acute respiratory distress syndrome (ARDS) [2]

Timing Within 1 week of risk factora or new/increase in respiratory 
symptoms

Imaging Bilateral abnormalities not explained by pleural effusion, collapse or 
‘nodules’

Origin of pulmonary 
edema

Insufficiently explained by cardiac failure or overload (if there is not 
a risk factor for ARDS, an echocardiogram should be performed)

Oxygenation Mild 200 < PaO2/FiO2 < 300 mmHg (26 < PaO2/FiO2 < 40 kPa) + PEEP 
≥5 cm H2O

Moderate 100 < PaO2/FiO2 < 200 mmHg (13 < PaO2/FiO2 < 26 kPa) + PEEP 
≥5cmH2O

Severe PaO2/FiO2 < 100 mmHg (PaO2/FiO2 < 13 kPa) + PEEP ≥5 cm H2O

PEEP positive end-expiratory pressure
a Clinical risk factors: Pneumonia, aspiration, smoke inhalation, near drowning, sepsis, pancreati-
tis, trauma, major surgery, blood transfusion (this is referred to as transfusion-related lung 
injury; TRALI)

Table 11.2 Differential diagnoses to consider in patients with ARDS

Diffuse alveolar damage Idiopathic; acute interstitial pneumonia
First presentation of ILD
Acceleration of known ILD

Cardiogenic pulmonary edema
Infection Bacterial pneumonia

Viral pneumonia
Fungal infection
PJP pneumonia
HSV/CMV reactivation

Interstitial lung diseases 
and vasculitis

Vasculitis (e.g., GPA, EGPA, and Goodpasture)
Autoimmune disease (e.g., RA, SLE, SSc, Sjögren, antisynthetase 
syndrome, amyopathic (dermato) myositis and overlap syndromes)
Medication-related: amiodarone/tyrosine kinase inhibitor/
chemotherapy / many others (www.pneumotox.com)
Radiotherapy-associated

Malignancies Lymphangitis carcinomatosa
Intrapulmonary lymphoma

ILD interstitial lung disease, PJP Pneumocystis jirovecii, HSV Herpes simplex virus, CMV cyto-
megalo virus, GPA granulomatosis with polyangiitis, EGPA eosinophilic granulomatosis with 
polyangiitis, RA rheumatoid artritis, SLE systemic lupus erythematosus, SSc systemic sclerosis

This narrative review aims to provide a structured approach to the diagnosis of 
underlying conditions in patients who fulfil the ARDS criteria according to the 
Berlin definition, in order to enable underlying causes to be rapidly and adequately 
treated. The diagnostic steps are described point by point in three phases and are 
summarized in a flowchart (Fig.  11.1). We also provide a summary of the most 
important uncertainties relevant to clinicians managing patients with ARDS.

With the steps and timeframe described here, we have intended to strike a bal-
ance between early and vigorous diagnostic investigations where needed and a more 
parsimonious approach where appropriate. Nevertheless, the authors’ experience is 
one rooted in academic medicine in a resource-rich environment. The details of our 
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Fig. 11.1 Flowchart for diagnostic steps in patient with ARDS. *Including exposure to drugs, 
animals, toxic fumes, vaping. **Chest computed tomography (CT) with high resolution (HR) 
images, preferably with an inspiratory hold. ***Send for tests described under point 6 in phase 1 in 
the text. qPCR quantitative polymerase chain reaction, CMV cytomegalovirus, BAL bronchoalveo-
lar lavage, ILD interstitial lung disease
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approach should therefore be adapted to local resources and possibilities. The most 
important aspect of the here described approach is not the number of laboratory 
investigations or imaging modalities, but rather the structuredness and timeliness of 
the diagnostic evaluation.

11.2  Diagnosis of ARDS

The diagnosis of ARDS is largely based on hypoxic respiratory failure and the 
detection of pulmonary edema, from which hydrostatic cardiogenic pulmonary 
edema must be excluded [6]. It is therefore essential that false positive results are 
excluded as much as possible by means of non-invasive imaging. Ultrasound of the 
lungs is superior to chest X-ray for detecting and ruling out pleural effusion [7, 8]. 
The chest X-ray can give the illusion that the lung is consolidated when there is a 
large effusion and this can result in a false positive diagnosis, but the treatment dif-
fers. Transthoracic ultrasound of the heart can facilitate the diagnosis of acute heart 
failure. In general, acute heart failure is sufficient explanation for pulmonary edema 
and treatment should be focused on decongestion. However, a complicating factor 
is that cardiomyopathy due to a hyperinflammatory state can be associated with 
ARDS (and thus non-cardiogenic pulmonary edema) [9]. Usually, these are patients 
with sepsis, with a high a priori risk of ARDS who should also be diagnosed 
with ARDS.

11.2.1  Practical Steps

 1. Determine that the patient meets the ARDS criteria according to the ‘Berlin  
definition’ and report the diagnosis of ARDS in the status (Table  11.1), both 
when the cause is evident and when the cause is unclear, as ARDS is a descrip-
tive—and not causal—diagnosis. The presence of ARDS should trigger both a 
standardized set of evidence-based interventions (e.g., lung protective ventila-
tion, restrictive fluid therapy) and, importantly, an investigation into the cause of 
the pulmonary injury.

 2. Perform ultrasound of the lungs to rule out pulmonary effusion as the cause 
for the bilateral consolidations [10, 11]. Finding pleural abnormalities with 
lung ultrasound strongly suggests an inflammatory cause of the pulmonary 
edema [12].

 3. Perform transthoracic cardiac ultrasound to exclude acute heart failure as a cause 
of pulmonary edema. Ultrasound evidence of cardiomyopathy does not exclude 
ARDS in an underlying condition with a high pre-probability of ARDS (such as 
sepsis) and in this case ARDS should be diagnosed despite the contribution of 
acute heart failure to the onset of pulmonary edema.
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11.2.2  Uncertainties

 – Patients treated with high-flow nasal oxygenation do not meet the Berlin  
definition of ARDS [13], and there is considerable uncertainty about optimal 
lung- protective strategies in these patients. Yet the structured investigation into 
the cause of lung injury (outlined below) should not be delayed merely because 
the formal definition has not been met.

 – Lung ultrasound may be used for the diagnosis of bilateral opacities and might 
be used to diagnose non-cardiogenic pulmonary edema [14]. There is uncertainty 
about the best algorithmic approach to ARDS diagnosis based on lung ultra-
sound and the diagnostic test characteristics.

 – Cardiac ultrasound can provide diagnostic evidence in favor of heart failure, but 
it is unclear what cutoffs truly exclude ARDS as cause.

11.3  First Phase of Evaluation (Days 1 and 2)

Extra-pulmonary and pulmonary risk factors for ARDS need to be identified as soon 
as possible. When an evident extra-pulmonary cause for ARDS, such as septic 
shock, is present, timely treatment of the underlying cause determines the patient’s 
prognosis [15]. Patients with community-acquired pneumonia and ARDS are indis-
tinguishable from patients in the ICU with community-acquired pneumonia without 
ARDS in terms of epidemiological data, microbiological results, and outcome, and 
likely require the same treatment [16]. As opportunistic infections can present with 
specific radiological patterns that cannot be appreciated on chest X-ray, a chest 
computed tomography (CT) scan should be performed in patients with increased a 
priori risk for such infections (see practical steps) [17]. If no risk factor can be iden-
tified, there is an increased probability of an underlying systemic disease or drug 
related cause [5]. Further information for this should be obtained through history, 
physical examination, autoimmune serology and chest CT.  The most important 
serological tests are: extractable nuclear antigens (ENA), anti-nuclear antibodies 
(ANA), anti-neutrophil cytoplasmic antibodies (ANCA), myositis blot, anti-cyclic 
citrulline peptide antibody (aCCP) and rheumatoid factor (RF). When hemoptysis 
and/or acute renal insufficiency with (microscopic) hematuria are present, anti- 
glomerular basal membrane (aGBM) levels should also be obtained [18].

11.3.1  Practical Steps

 1. Determine whether there is an extra-pulmonary or a pulmonary cause for ARDS.
 2. If an extra-pulmonary cause seems very likely, no search for an underlying pul-

monary disease is required in the first phase. The underlying condition must be 
treated.
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 3. In case of pneumonia in a patient with a normal immune system, no invasive 
diagnostic tests need to be performed in the first 48 h. Required diagnostics are 
sputum culture, respiratory mutiplex polymerase chain reaction (PCR), antigen 
tests, and blood cultures.

 4. An immunocompromised patient can be defined by one or more of the following 
criteria:

 (a) Severe neutropenia (absolute neutrophil count <500/μl) or prolonged lym-
phopenia (absolute lymphocyte count <1000/μl for >7 days)

 (b) Hematological malignancy
 (c) Long-term steroid exposure (≥20 mg/day prednisone equivalent for more 

than 2 weeks)
 (d) Status after organ transplantation
 (e) Monoclonal antibodies or other anti-inflammation immunosuppressive 

medications (e.g., azathioprine, mycophenolate mofetil, methotrexate)
 (f) Known immunodeficiency such as human immunodeficiency virus (HIV) 

with CD4+ cell count of less than 200/mm3.
 5. In an immunocompromised patient with suspected pneumonia, a chest CT 

should be performed to evaluate the radiological pattern of lung involvement.
 6. In an immunocompromised patient with suspected pneumonia, bronchoscopy 

should be performed with bronchoalveolar lavage (BAL) for bacterial and fungal 
culture, galactomannan and targeted PCRs for respiratory pathogens, including 
but not limited to respiratory viruses, Aspergillus, Pneumocystis jirovecii (PJP), 
cytomegalovirus (CMV) and Herpes simplex virus (HSV)—depending on the 
pattern on chest CT.

 (a) For specific radiological images, additional microbiological investigation 
should be considered, for example Nocardia or Cryptococcus in the context 
of nodular abnormalities.

 (b) One fraction should be sent for cytology, especially if eosinophilic pneumo-
nia or malignancy is in the differential diagnosis.

 (c) If diffuse alveolar hemorrhage is considered, gradual rinsing with saline 
should be performed.

 7. If no risk factors for ARDS are present an alternative diagnosis should be inves-
tigated through a complete re-evaluation of history and complete physical 
examination.

 (a) Pay attention specifically to systemic diseases (Table 11.2).
 (b) If clinical signs and/or symptoms consistent with a systemic disease are 

found, low-threshold autoimmune serology should be used. Also determine 
the creatinine kinase and urine sediment on dysmorphic erythrocytes. If 
indicated, additional scleroderma immunoassay, complement, lupus antico-
agulant test, anti-cardiolipins and B2 glycoprotein1.

 (c) If diffuse alveolar hemorrhage is considered, in the context of vasculitis or 
not, the anti-GBM must also be determined.

 8. The medication list should be systematically reviewed to identify and discon-
tinue potentially pulmonary toxic medications (see www.pneumotox.com)

 9. A chest CT should be considered based on the diagnostic information obtained 
in the previous steps or if the patient deteriorates within 48 h.

L. D. J. Bos et al.
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11.3.2  Uncertainties

 – Immunosuppressed patients are frequently grouped together in critical care 
research and it is largely unclear how different types of immunosuppression 
(e.g., predominant granulocyte function, T-cell or B-cell immunity) influence the 
risks for opportunistic infections in critically ill patients [19].

 – The microbial diagnosis of opportunistic infections has shifted from traditional 
diagnostic techniques to PCR-based technology. There is considerable uncer-
tainty surrounding the best cut-offs for these diagnostic tests. For example, CMV 
and HSV pneumonitis are nowadays frequently diagnosed using PCR, but little 
evidence on optimal cut-offs exists, which could result in over-diagnosis and 
over-treatment [20–22].

 – With the increase in polypharmacy and increased use of novel drugs, there is 
more risk for drug-related pulmonary toxicity. Although pulmonary toxicity has 
been described for many of the frequently used drugs, it is very difficult to reach 
a definitive diagnosis as no diagnostic tests are available [23, 24].

11.4  Second Phase of Evaluation (Days 3–5)

A considerable proportion of patients will improve during the first phase of evalua-
tion and in other patients it will be possible to establish a definitive causal diagnosis 
[25]. If after 2 days no causative agent of pneumonia has been demonstrated, and if 
the clinical condition of the patient does not improve, it is important to reconsider 
the diagnosis. To not miss any mimicking conditions, the same approach is followed 
as in patients without a risk factor at presentation including but not limited to a 
detailed history, physical examination, and autoimmune serology.

Performing a chest CT scan can help distinguish between opportunistic infections 
and interstitial lung diseases [17, 18, 26]. A bronchoscopy with lavage is a reliable 
method to take microbiological cultures from the lower respiratory tract [18], espe-
cially if PCR analyses are performed for viruses and opportunistic pathogens such as 
Pneumocystis and Aspergillus. Bronchoscopy can result in loss of pressure from the 
ventilation system and thus to collapse of previously opened parts of the lung. 
However, multiple studies suggest that bronchoscopy with lavage is safe in intubated 
patients with ARDS provided that it follows the prevailing guidelines [27–29].

11.4.1  Practical Steps

 1. Determine whether the risk factor for ARDS has been proven, for example 
because a pathogen was detected in the context of an infection.

 2. If the risk factor for ARDS has been proven, treatment should be continued and 
possibly optimized. In this case, there is no need to look further for alternative 
diagnoses, unless there are clear diagnostic clues pointing towards a second 
cause for lung injury.
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 3. If there was a suspected cause, but it remains unproven after day 2, a complete 
re-evaluation of autoimmune disorders, toxic medications, and chest CT should 
be performed in patients in whom this was not performed at an earlier stage (see 
sections 6–8 of phase 1).

 4. The chest CT findings should prompt consideration of bronchoscopy with lavage 
(see section 6 of phase 1).

11.5  Third Phase of Evaluation (Days 6–7)

If ARDS persists for more than 5  days after diagnosis it is considered as ‘non- 
resolving’ and the risk of fibrosis formation is considerable if the cause for ARDS 
remains untreated [3, 30]. There are several studies that show that reactivation of 
HSV and CMV is frequent in non-resolving ARDS [31–33]. No randomized trials 
have been conducted on whether or not to treat HSV reactivations, but observational 
studies suggest independent excess mortality in the HSV and CMV group. Due to 
the lack of other treatable conditions in this patient group, it is therefore advisable 
to treat reactivation [18].

There is conflicting evidence from several randomized trials of corticosteroid 
treatment for non-resolving ARDS. There appears to be a positive effect on ventila-
tion duration and possibly on mortality if treatment is started early in the non- 
resolving phase, e.g., before day 14 [34–36]. Apart from hyperglycemias, relatively 
few adverse reactions have been described [37].

In patients in whom ARDS persists and in whom the underlying cause has not 
been confirmed despite all the above steps, a lung biopsy should be considered. The 
risks of an open lung biopsy (<10% serious complications, <1% lethal complica-
tions [38]) must be weighed against the substantial burden of ongoing ICU treat-
ment without a clear diagnosis. Open lung biopsy provided a specific diagnosis in 
about 75% of cases and led to an adjustment in medication in about one in three 
patients [38]. In addition, findings other than diffuse alveolar damage are associated 
with change in therapy and better outcome [32, 39–42]. Prolonged ventilation in the 
context of non-resolving ARDS without a diagnosis has a very poor prognosis and 
can result in unnecessarily prolonged ICU treatment with all the adverse conse-
quences that this entails. All in all, this results in the recommendation to consider an 
open lung biopsy in all patients with non-resolving ARDS without a proven risk 
factor [18]. Traditionally, a surgical open lung biopsy is obtained by thoracoscopy, 
but there are new developments in the field of bronchoscopically obtained cryo- 
biopsies that can be considered as an alternative [43].

11.5.1  Practical Steps

 1. Consider HSV or CMV reactivation as a contributing factor for lung inflamma-
tion in non-resolving ARDS.  A bronchoscopy with BAL should then be per-
formed for quantitative PCR of these viruses.
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Table 11.3 Diagnostic 
patterns to consider for open 
lung biopsy in non-
resolving ARDS

Infection
Connective tissue disease
Drug reaction
Eosinophilic pneumonia
Blood suggestive of vasculitis
Foreign material (inhaled, aspirated, injected)
Scarring
Hypersensitivity pneumonitis

 2. Consider high dose corticosteroid treatment in patients with non-resolving 
ARDS. Treatment early in the non-resolving phase, before day 14, is associated 
with a better outcome and is therefore recommended.

 3. If ARDS persists on days 5–7 and the diagnosis is not confirmed despite all the 
above steps, it is recommended to discuss performing a lung biopsy in a mul-
tidisciplinary meeting. It is of utmost importance to provide the pathologists 
with all available clinical information to come to the best possible diagnosis 
(Table 11.3).

11.5.2  Uncertainties

 – HSV and CMV reactivation could be a marker of severity of disease or an etio-
logical factor hampering the resolution of ARDS. Currently, it remains unclear 
whether treatment of HSV or CMV reactivation actually improves clinical out-
comes [22].

 – There is considerable variation in the use of high dose steroids for the treat-
ment of non-resolving ARDS. One randomized controlled trial showed steroid 
use was associated with shortened duration of invasive mechanical ventila-
tion, but had no effect on mortality [44]. Furthermore, the dosage and duration 
of treatment is open for debate, although some guidance based on pharmaco-
logical principles is available [45].

 – The available literature on the diagnostic and therapeutic consequences of open 
lung biopsy is largely based on data acquired before the widespread implementa-
tion of molecular testing for pathogens. Current diagnostic test characteristics 
are therefore uncertain.

11.6  Conclusion

Establishing the underlying cause of ARDS is of great importance as adequate treat-
ment of this cause improves outcome. The proposed structured diagnostic algorithm 
helps clinicians to systematically evaluate patients with ARDS and to decrease time 
to diagnosis and thereby start of adequate treatment.

11 A Structured Diagnostic Algorithm for Patients with ARDS



148

References

1. Bellani G, Laffey JG, Pham T, et  al. Epidemiology, patterns of care, and mortality for 
patients with acute respiratory distress syndrome in intensive care units in 50 countries. 
JAMA. 2016;315:788–800.

2. Ranieri VM, Rubenfeld GD, Thompson BT, et al. Acute respiratory distress syndrome: the 
Berlin definition. JAMA. 2012;307:2526–33.

3. Thompson BT, Chambers RCR, Liu KKD, et al. Acute respiratory distress syndrome. N Engl 
J Med. 2017;377:562–72.

4. Ashbaugh DG, Bigelow DB, Petty TL, Levine BE. Acute respiratory distress in adults. Lancet. 
1967;2:319–23.

5. Gibelin A, Parrot A, Maitre B, et al. Acute respiratory distress syndrome mimickers lacking 
common risk factors of the Berlin definition. Intensive Care Med. 2016;42:164–72.

6. Ware LB, Matthay MA.  Clinical practice. Acute pulmonary edema. N Engl J Med. 
2005;353:2788–96.

7. Hew M, Tay TR. The efficacy of bedside chest ultrasound: from accuracy to outcomes. Eur 
Respir Rev. 2016;25:230–46.

8. Chiumello D, Sferrazza Papa GF, Artigas A, et al. ERS statement on chest imaging in acute 
respiratory failure. Eur Respir J. 2019;54:1900435.

9. Sato R, Nasu M. A review of sepsis-induced cardiomyopathy. J Intensive Care. 2015;3:1–7.
10. Walden AP, Jones QC, Matsa R, Wise MP. Pleural effusions on the intensive care unit; hidden 

morbidity with therapeutic potential. Respirology. 2013;18:246–54.
11. Xirouchaki N, Magkanas E, Vaporidi K, et al. Lung ultrasound in critically ill patients: com-

parison with bedside chest radiography. Intensive Care Med. 2011;37:1488–93.
12. Heldeweg MLA, Smit MR, Kramer-Elliott SR, et al. Lung ultrasound signs to diagnose and 

discriminate interstitial syndromes in ICU patients: a diagnostic accuracy study in two cohorts. 
Crit Care Med. 2022;50:1607–17.

13. Matthay MA, Thompson BT, Ware LB.  The Berlin definition of acute respiratory distress 
syndrome: should patients receiving high-flow nasal oxygen be included? Lancet Respir Med. 
2021;9:933–6.

14. Vercesi V, Pisani L, van Tongeren PSII, et  al. External confirmation and exploration of 
the Kigali modification for diagnosing moderate or severe ARDS.  Intensive Care Med. 
2018;44:523–4.

15. Rhodes A, Evans LE, Alhazzani W, et al. Surviving sepsis campaign: international guidelines 
for management of sepsis and septic shock: 2016. Intensive Care Med. 2017;43:304–77.

16. Cilloniz C, Ferrer M, Liapikou A, et al. Acute respiratory distress syndrome in mechanically- 
ventilated patients with community-acquired pneumonia. Eur Respir J. 2018;51:1702215.

17. Zheng X, Zhang G. Imaging pulmonary infectious diseases in immunocompromised patients. 
Radiol Infect Dis. 2014;1:37–41.

18. Papazian L, Calfee CS, Chiumello D, et al. Diagnostic workup for ARDS patients. Intensive 
Care Med. 2016;42:674–85.

19. Azoulay E, Mokart D, Kouatchet A, Demoule A, Lemiale V. Acute respiratory failure in immu-
nocompromised adults. Lancet Respir Med. 2018;7:173–86.

20. Lee HY, Rhee CK, Choi JY, Lee HY, Lee JW, Lee DG. Diagnosis of cytomegalovirus pneumo-
nia by quantitative polymerase chain reaction using bronchial washing fluid from patients with 
hematologic malignancies. Oncotarget. 2017;8:39736–45.

21. Papazian L, Hraiech S, Lehingue S, et  al. Cytomegalovirus reactivation in ICU patients. 
Intensive Care Med. 2016;42:28–37.

22. Simoons-Smit AM, Kraan EM, Beishuizen A, Strack van Schijndel RJ, Vandenbroucke-Grauls 
CM. Herpes simplex virus type 1 and respiratory disease in critically-ill patients: real pathogen 
or innocent bystander? Clin Microbiol Infect. 2006;12:1050–9.

23. Johkoh T, Lee KS, Nishino M, et al. Chest CT diagnosis and clinical management of drug- 
related pneumonitis in patients receiving molecular targeting agents and immune checkpoint 
inhibitors: a position paper from the Fleischner society. Radiology. 2021;159:550–66.

L. D. J. Bos et al.



149

24. Skeoch S, Weatherley N, Swift AJ, et al. Drug-induced interstitial lung disease: a systematic 
review. J Clin Med. 2018;7:356.

25. Schenck EJ, Oromendia C, Torres LK, Berlin DA, Choi AMK, Siempos II. Rapidly improving 
ARDS in therapeutic randomized controlled trials. Chest. 2019;155:474–82.

26. Bajaj SK, Tombach B. Respiratory infections in immunocompromised patients: lung findings 
using chest computed tomography. Radiol Infect Dis. 2017;4:29–37.

27. Kalchiem-Dekel O, Shanholtz CB, Jeudy J, Sachdeva A, Pickering EM. Feasibility, safety, 
and utility of bronchoscopy in patients with ARDS while in the prone position. Crit Care. 
2018;22:54.

28. Prebil SEW.  Safety of research bronchoscopy in critically ill patients. J Crit Care. 
2014;29:961–4.

29. Lisle A, Medford MA.  Safety of broncho-alveolar lavage in ventilated patients with acute 
respiratory distress syndrome sticking to life: closure of a bronchopleural fistula with fibrin 
glue in a patient with recurrent pneumothoraces. J Bronchol. 2007;14:2007.

30. Cabrera-Benitez NE, Laffey JG, Parotto M, et  al. Mechanical ventilation-associated lung 
fibrosis in acute respiratory distress syndrome: a significant contributor to poor outcome. 
Anesthesiology. 2014;121:189–98.

31. Tuxen DV, Cade JF, McDonald MI, Buchanan MRC, Clark RJ, Pain MCF. Herpes simplex 
virus from the lower respiratory tract in adult respiratory distress syndrome. Am Rev Respir 
Dis. 1982;126:416–9.

32. Papazian L, Doddoli C, Chetaille B, et al. A contributive result of open-lung biopsy improves 
survival in acute respiratory distress syndrome patients. Crit Care Med. 2007;35:755–62.

33. Ong DSY, Spitoni C, Klein Klouwenberg PMC, et al. Cytomegalovirus reactivation and mortal-
ity in patients with acute respiratory distress syndrome. Intensive Care Med. 2016;42:333–41.

34. Peter JV, John P, Graham PL, Moran JL, George IA, Bersten A. Corticosteroids in the preven-
tion and treatment of acute respiratory distress syndrome (ARDS) in adults: meta-analysis. 
BMJ. 2008;336:1006–9.

35. Bihari S, Bailey M, Bersten AD. Steroids in ARDS: to be or not to be. Intensive Care Med. 
2016;42:931–3.

36. Ruan SY, Lin HH, Huang CT, Kuo PH, Wu HD, Yu CJ. Exploring the heterogeneity of effects 
of corticosteroids on acute respiratory distress syndrome: a systematic review and meta- 
analysis. Crit Care. 2014;18:R63.

37. Chaudhuri D, Sasaki K, Karkar A, et al. Corticosteroids in COVID-19 and non-COVID-19 
ARDS: a systematic review and meta-analysis. Intensive Care Med. 2021;47:521–37.

38. Libby LJ, Gelbman BD, Altorki NK, Christos PJ, Libby DM. Surgical lung biopsy in adult 
respiratory distress syndrome: a meta-analysis. Ann Thorac Surg. 2014;98:1254–60.

39. Kao KC, Hu HC, Chang CH, et al. Diffuse alveolar damage associated mortality in selected 
acute respiratory distress syndrome patients with open lung biopsy. Crit Care. 2015;19:228.

40. Cardinal-Fernández P, Bajwa EK, Dominguez-Calvo A, Menéndez JM, Papazian L, Thompson 
BT. The presence of diffuse alveolar damage on open lung biopsy is associated with mortality 
in patients with acute respiratory distress syndrome. Chest. 2016;149:1155–64.

41. Lorente JA, Cardinal-Fernández P, Muñoz D, et  al. Acute respiratory distress syndrome in 
patients with and without diffuse alveolar damage: an autopsy study. Intensive Care Med. 
2015;41:1921–30.

42. Guerin C, Bayle F, Leray V, et al. Open lung biopsy in nonresolving ARDS frequently identi-
fies diffuse alveolar damage regardless of the severity stage and may have implications for 
patient management. Intensive Care Med. 2014;41:222–30.

43. Zhou G, Feng Y, Wang S, et al. Transbronchial lung cryobiopsy may be of value for nonresolv-
ing acute respiratory distress syndrome: case series and systematic literature review. BMC 
Pulm Med. 2020;20:183.

44. Steinberg KP, Hudson LD, Goodman RB, et al. Efficacy and safety of corticosteroids for per-
sistent acute respiratory distress syndrome. N Engl J Med. 2006;354:1045–57.

45. Meduri GU, Annane D, Confalonieri M, et al. Pharmacological principles guiding prolonged 
glucocorticoid treatment in ARDS. Intensive Care Med. 2020;46:2284–96.

11 A Structured Diagnostic Algorithm for Patients with ARDS



151

12Hemodynamic Implications of Prone 
Positioning in Patients with ARDS

C. Lai, X. Monnet, and J. -L. Teboul

12.1  Introduction

Prone positioning is recommended in patients with moderate to severe acute respi-
ratory distress syndrome (ARDS) when the ratio of arterial oxygen partial pressure 
(PaO2) to inspired oxygen fraction (FiO2) is <150 mmHg despite optimized mechan-
ical ventilation or use of neuromuscular blockade [1, 2]. Indeed, prone position may 
improve arterial oxygenation [3, 4] and sessions lasting more than 16 h are associ-
ated with reduced mortality [5]. The use of prone positioning has spread consider-
ably in recent years. Whereas in a large observational study in 2014 only 16% of 
patients with severe ARDS underwent prone positioning [6], more than two thirds 
of patients with moderate-to-severe ARDS had several sessions of prone positioning 
during the first wave of the coronavirus disease 2019 (COVID-19) pandemic in 
2020 [7, 8].

Prone positioning improves oxygenation through improvement of the ventilation- 
to- perfusion ratio since aeration and ventilation increase in the most dorsal parts of 
the lung, whereas pulmonary blood flow remains predominant in these parts [9]. 
Lung recruitment also permits a decrease in atelectrauma, reduction in the transpul-
monary driving pressure, and increase in lung compliance [10]. Hence, prone posi-
tioning may limit the mechanical power [11] and might thus prevent ventilator-induced 
lung injury (VILI).

In addition to the effects on oxygenation and respiratory mechanics, prone posi-
tioning induces some hemodynamic effects, which may also be beneficial [12, 13]. 
In this article, we review how prone positioning can exert those favorable 
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cardiovascular effects. Moreover, prone position sessions are at least 16 h long [1], 
and even sometimes extended up to 39 h [14]. During such a long time period, the 
question of administering fluid therapy may arise. Thus, we will explore how pre-
load responsiveness could be detected to guide fluid therapy in patients in the prone 
position.

12.2  Hemodynamic Effects of Prone Positioning

12.2.1  Prone Positioning Affects Venous Return Determinants 
and May Increase Right Ventricular Preload

Venous return is the blood flow from the systemic venous network towards the right 
heart [15]. According to Guyton’s model, venous return is equal to the venous return 
pressure gradient divided by the resistance to venous return [16]. The pressure gra-
dient of venous return is defined as the difference between the mean systemic pres-
sure (Pms) and the right atrial pressure [16]. Prone positioning increases the 
intra-abdominal pressure (IAP) [12, 17] (Fig. 12.1). This may cause two distinct 
effects on venous return. On the one hand, prone positioning increases Pms and 
central venous pressure (CVP) to a lesser extent, resulting in an increase in the pres-
sure gradient of venous return [17] (Fig. 12.1). These effects are due: (1) to lowering 
the trunk from the semi-recumbent position to the strict supine horizontal position, 

Prone Posi�on

↗ Intra-abdominal
pressure 

± ↗ Arterial oxygena�on ±↗ Lung recruitment

↘ Pulmonary 
vascular resistance 

↗ RVR ↗ Pms

↗ (Pms – CVP)

↗ RV preload↘ Venous return

↘ Cardiac output

↘ RV a�erload

↗ RV output

↘ RV/LV
interdependance↗ LV preload

Preload reserve

↗ Cardiac output↔ Cardiac output

Waterfall effect

↗ (Pms – CVP) > ↗ RVR ↗ (Pms – CVP) < ↗ RVR 

↘ West zone 1

↗ Central blood volume

Fig. 12.1 Hemodynamic effects of prone positioning. CVP central venous pressure, LV left ven-
tricular, Pms mean systemic pressure, RV right ventricular, RVR resistance to venous return
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secondary to a passive shift of blood from the splanchnic compartment to the heart, 
as occurs during passive leg raising [18]; and (2) to transferring the patient from the 
strict supine to the prone position, an effect that is predominant [17]. On the other 
hand, the increase in IAP induced by prone positioning also increases the resistance 
to venous return [17] (Fig.  12.1). An increase in venous return can be observed 
when the increase in its pressure gradient is not countered by the increase in its 
resistance [17] (Fig. 12.1). This increase in venous return results in an increase in 
right ventricular (RV) preload, as assessed by the increase in CVP [11, 12, 17]. The 
increase in CVP may be related to the simple transmission of IAP to the thorax, but 
this is unlikely as the esophageal pressure increases to a lesser extent than does CVP 
when patients are transferred from supine to prone position [11, 19].

12.2.2  Prone Positioning May Decrease Pulmonary Vascular 
Resistance and Right Ventricular Afterload

In patients with ARDS, RV dysfunction is not rare, its prevalence ranging from 10% 
to 30% in large observational studies [20–23]. Severe RV dysfunction was shown to 
be associated with increased mortality [20]. The main cause of RV dysfunction in 
ARDS is the increase in RV afterload secondary to the increase in pulmonary vas-
cular resistance (PVR). The latter may be due to hypoxic pulmonary vasoconstric-
tion [24], to inflammatory mediators [25], to microthrombi formation [26], and/or 
to the hemodynamic effects of mechanical ventilation [27, 28]. Regarding the latter 
mechanism, tidal volume at each insufflation and application of positive end- 
expiratory pressure (PEEP) over the entire ventilator cycle increase the lung vol-
ume. This may increase PVR by compressing the intra-alveolar vessels and, thus, 
increase the proportion of lung West zones 2, where the alveolar pressure is higher 
than the pulmonary venous pressure [29] (Fig. 12.2).

Prone positioning may reverse some of the mechanisms responsible for RV 
dysfunction during ARDS. First, by improving arterial oxygenation, prone posi-
tion should decrease hypoxic vasoconstriction [3, 5, 12, 30]. Second, prone posi-
tioning allows the recruitment of the vertebral parts of the lungs, resulting in a 
more homogeneous alveoli aeration [31, 32]. This recruitment of non-aerated 
alveoli increases the diameter of the extra-alveolar vessels in these regions 
(Fig. 12.2). Prone positioning also dampens the overdistension present in hyper-
inflated lung areas. In this way, it should decrease the compression of intra-alve-
olar vessels in these zones and decrease the transpulmonary driving pressure, 
according to principles described by Whittenberger et  al. [33] (Fig.  12.2). 
Moreover, by recruiting lung units, prone positioning can prevent the application 
of too high PEEP levels. Finally, prone positioning can increase venous return and 
central blood volume [17] which, in turn, increases pulmonary venous pressure, 
releases the compression of some previously compressed pulmonary microves-
sels, and shifts these vessels from West zone 2 to West zone 3 conditions. The 
combination of all these effects should result in a decrease in PVR and RV after-
load [12, 13] (Fig. 12.1). It remains to be determined whether the effect of prone 
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Fig. 12.2 Relationship between lung volume and pulmonary vascular resistance. FRC functional 
residual capacity, RV residual volume, TLC total lung capacity

positioning on hemodynamics in general and on RV function in particular contrib-
utes to its beneficial effect on outcome. In this regard, we have already learned 
that prone positioning could be beneficial in responders as well as in non-respond-
ers defined by changes in blood gas variables (increase in PaO2/FiO2 or decrease 
in the arterial carbon dioxide partial pressure (PaCO2)) [5, 34].

12.2.3  Prone Positioning May Increase Left Ventricular Preload

Left ventricular (LV) preload can increase secondary to the improvement in RV 
preload and afterload with prone positioning, as illustrated by the increase in the 
pulmonary artery occlusion pressure (PAOP) reported in previous studies [12, 35, 
36]. Moreover, in patients with RV enlargement prior to prone positioning, reduc-
tion in RV afterload dampens the RV/LV interdependence, as illustrated by the 
decrease in the RV end-diastolic area/LV end-diastolic area ratio measured by echo-
cardiography. This should also increase LV end-diastolic volume and thus LV pre-
load [12, 13].

12.2.4  Overall Effects of Prone Positioning on Cardiac Output

Several studies have evaluated the effects of prone positioning on cardiac output 
with variable results. Some have found that prone positioning has little or no effect 
[37–39], whereas others have described an increase in cardiac output [13, 40, 41]. 
In a recent study evaluating 197 prone position sessions in 107 patients, Ruste et al. 
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found that cardiac output decreased ≥15% in 23% of the sessions, increased ≥15% 
in 25% of the sessions, and remained stable in 52% of the sessions [42]. The changes 
in cardiac output with prone positioning likely depend on the volume status and the 
degree of preload responsiveness prior to prone positioning. Indeed, cardiac output 
increases only in patients with LV preload reserve [12, 17] (Fig. 12.1). However, 
cardiac output may decrease in both preload responsive and unresponsive patients if 
IAP increases to a very large extent with prone positioning, irrespective of the IAP 
value in the supine position [17]. It is noteworthy that prone positioning can increase 
venous return, and thus cardiac output, only if the IAP is lower than the intramural 
pressure of the inferior vena cava (i.e., when the vena cava is in a Takata zone 3) [43, 
44]. When profound hypovolemia is present and/or when the IAP under prone posi-
tion is high, the venous return should be reduced, due to the extension of Takata 
zone non-3 conditions and to the occurrence of vascular waterfall phenomena [17, 
43, 44].

Thus, a major goal when using prone positioning in patients with ARDS should 
be to minimize the increase in IAP, because a large increase in IAP, independent 
of its baseline value, may exert some detrimental effects on the circulation [17]. In 
this regard, in a crossover study, Michelet et al. found that using an air-cushioned 
mattress was associated with a limited increase in IAP (+4 mmHg) compared to 
a conventional foam mattress (+8 mmHg) [36]. Also, the use of thoraco-pelvic 
supports allows free abdominal movement and may decrease IAP. In a random-
ized study in 11 patients comparing prone position with or without thoraco-pelvic 
supports, Chiumello et  al. demonstrated that application of thoraco-pelvic sup-
ports decreased chest wall compliance, increased pleural pressure, and slightly 
worsened hemodynamics without any advantage on gas exchange [45]. Moreover, 
prolonged contact with the supports could induce pressure sores. Finally, the 
increase in IAP with prone positioning could impair the perfusion of intra-abdom-
inal organs. However, in studies measuring IAP during prone positioning, the 
increase in IAP was limited and, as long as cardiac output was preserved, hepato-
splanchnic perfusion [39], liver function [40], gastric intramucosal energy bal-
ance [39, 40], and renal function [41] were not impaired. Therefore, the increase 
in IAP with prone positioning is rather limited. The use of thoraco-pelvic support 
should be avoided and limited to patients with a high increase in IAP with prone 
positioning [46].

12.3  Detecting Preload Responsiveness in Patients 
in the Prone Position

Acute circulatory failure is common in patients with ARDS [8, 47] whether it is 
secondary to sepsis, vasoplegia induced by sedative drugs, or the side-effects of 
mechanical ventilation. In the context of ARDS, the optimization of hemodynamics 
and cardiac output is important since insufficient cardiac output may worsen hypox-
emia due to intrapulmonary shunt (low mixed venous oxygen tension effect). Fluid 
therapy is often considered as the first-line therapy to improve cardiac output and 
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microvasculatory blood flow. However, only one half of patients would effectively 
benefit from fluid administration in terms of increase in cardiac output, which 
defines preload responsiveness [48]. Moreover, the pathophysiology of ARDS is 
marked by increased pulmonary microvascular permeability, with the risk of wors-
ening lung edema when fluids are given. It is also now well demonstrated that the 
cumulative fluid balance is independently associated with mortality in patients with 
ARDS [49, 50]. The benefit/risk ratio of fluid therapy should thus be carefully eval-
uated before any fluid administration, and it is therefore essential to assess preload 
responsiveness. In this regard, several dynamic indices or tests can be performed 
[51]. We will review those which have been evaluated and can be used in the prone 
position during ARDS.

12.3.1  Trendelenburg Maneuver

The passive leg raising (PLR) test, consisting of transferring a patient from a semi- 
recumbent position to a position where the trunk is horizontal and the lower limbs 
are elevated at 30–45° [52], enables the prediction of fluid responsiveness with good 
reliability [53, 54]. Unfortunately, this postural maneuver is not applicable in the 
prone position. A Trendelenburg maneuver has been proposed as an alternative, as 
it mobilizes the blood from the splanchnic venous reservoir and the lower limbs to 
the intrathoracic compartment, increasing cardiac preload in patients in prone posi-
tion [55] and receiving extracorporeal membrane oxygenation (ECMO) [56]. In a 
study of 33 patients with ARDS in the prone position, Yonis et al. found that the area 
under the receiver operating characteristic curve (AUC) of cardiac output changes 
during the Trendelenburg maneuver was 0.90 (95% CI 0.80–1.00). An increase in 
cardiac output ≥8% during the Trendelenburg maneuver enabled the diagnosis of 
fluid responsiveness with a sensitivity of 87% (95% CI 67–100), and specificity of 
89% (95% CI 72–100) [55].

12.3.2  End-Expiratory Occlusion Test

The end-expiratory occlusion test (EEOT) is based on heart-lung interactions. A 
15-s expiratory hold transitorily decreases the intrathoracic pressure and thus 
increases cardiac preload. This increases cardiac output in case of preload respon-
siveness [57]. An increase in cardiac output ≥5% during an EEOT has been shown 
to reliably predict fluid responsiveness in patients in the supine position [57, 58]. In 
the surgical setting, Messina et al. evaluated the performance of an EEOT at 6 and 
8 ml/kg to predict fluid responsiveness in 40 patients having spinal surgery in the 
prone position [59]. They found that an EEOT at either tidal volume value did not 
reliably predict fluid responsiveness. However, it is important to note that the venti-
lator interruption during expiration lasted only 15  s, whereas the cardiac output 
monitor used in that study averaged hemodynamic data over a 30-s period, with a 
probable dampening of the changes in cardiac output potentially produced by the 

C. Lai et al.



157

EEOT [59]. In patients with ARDS, the study by Yonis et  al. also found that an 
EEOT performed with a tidal volume of 6 ml/kg did not predict fluid responsiveness 
[55]. This may be due to attenuated effects of expiratory hold on venous return 
increase, since the IAP increase with prone positioning may promote Takata zone 2 
conditions in some patients. It must be noted that cardiac arrhythmias were present 
in 42% of patients in this study [55]. In another study evaluating 84 prone position 
sessions in patients with severe ARDS with no cardiac arrhythmias, an EEOT at 
6 ml/kg was reliable to predict fluid responsiveness with an AUC of 0.93 ± 0.06 
(0.87–0.98) but with a low cut-off percent cardiac output increase (3.2%) [60]. Such 
a low cut-off, which has been reported by other studies [61], requires the use of 
precise cardiac output monitoring.

12.3.3  Pulse Pressure Variation

In the absence of cardiac output monitoring, other hemodynamic variables could be 
used to predict fluid responsiveness. Changes in arterial pulse pressure during 
mechanical ventilation—also called pulse pressure variation (PPV)—which are sec-
ondary to the changes in stroke volume occurring during the respiratory cycle [62], 
predict fluid responsiveness in patients receiving a tidal volume of at least 8 ml/kg 
provided they are perfectly adapted to their ventilator and they have no cardiac 
arrhythmia [63, 64]. Studies evaluating PPV in the operating room setting showed 
that PPV could predict fluid responsiveness in the prone position [65–67]. 
Nevertheless, tidal volume was ≥8 ml/kg and lung compliance was not impaired in 
these patients [65–67]. Such results cannot be extrapolated to patients with ARDS, 
who have low lung compliance and are generally ventilated with low tidal volumes, 
two conditions that alter the ability of PPV to predict fluid responsiveness [68–70]. 
In a study evaluating the predictive performance of PPV during prone positioning in 
patients with ARDS ventilated with a tidal volume of 6 ml/kg, Shi et al. found that 
PPV  ≥  6.5% enabled preload responsiveness to be assessed with an AUC of 
0.85 ± 0.05 (0.77–0.92), a sensitivity of 74% (57%–95%), and a specificity of 79% 
(56%–96%). However, the gray zone of PPV (between 5% and 8%) included 40% 
of the cases [60].

12.3.4  Tidal Volume Challenge

To overcome the limitations of PPV interpretation in case of low tidal volume ven-
tilation, Myatra et al. described a tidal volume challenge (TVC) that consists of a 
1-min increase in tidal volume from 6 to 8 ml/kg of predicted body weight [71]. An 
absolute increase in PPV ≥3.5% during a TVC predicted fluid responsiveness in 
critically ill patients in the supine position [71]. In patients with ARDS undergoing 
prone positioning, Shi et al. showed that an absolute change in PPV ≥3.5% during 
a TVC assessed preload responsiveness with an AUC of 0.94 ± 0.03 (sensitivity: 
98%, specificity: 86%) [60]. The ability of a TVC to predict preload responsiveness 
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was better than that of baseline PPV, but comparable with an EEOT performed at 
6 ml/kg [60]. In the study by Yonis et al., the Trendelenburg maneuver performed 
better than the TVC, but the assessment was performed in only 19 patients, since 
patients with arrhythmia were excluded [55]. In summary, the TVC, which has been 
repeatedly found to be reliable in supine patients seems also to be reliable during 
prone positioning [59, 60]. It has the advantage of assessing preload responsiveness 
without the need for cardiac output measurements and could be easily used in low 
and middle-resource settings.

12.3.5  Mini-Fluid Challenge

The mini-fluid challenge consists of administering a bolus of a small fluid vol-
ume (100–150 ml in 1 min) and measuring the changes in hemodynamic vari-
ables. The increase in cardiac output after the mini-fluid challenge can predict 
the increase in cardiac output when administering 400 ml of fluids, for a total of 
500 ml fluid administration [72]. This test was shown to be reliable to predict 
fluid responsiveness in supine conditions [58, 69]. The change in PPV with a 
mini-fluid challenge could also predict fluid responsiveness [73]. Although it has 
not yet been evaluated in patients in the prone position, there is no reason why it 
could not be applicable to these patients. However, in contrast to other above-
mentioned tests, the mini-fluid challenge is not reversible as it requires fluid 
administration.

12.4  Conclusion

Placing a patient with ARDS in the prone position has important implications for 
both venous return and RV function. While an increase in IAP tends to raise the 
upstream pressure for venous return, an increase in venous return may be observed 
only in the absence of a simultaneous rise in the resistance to venous return. Prone 
positioning can decrease RV afterload, an effect which is beneficial in patients with 
prior RV dysfunction. On the other hand, prone positioning could reduce cardiac 
output and organ perfusion in some conditions. Therefore, hemodynamic assess-
ment, including echocardiography and cardiac output monitoring, is important 
when placing a patient in the prone position. Hemodynamic assessment can also 
guide fluid management using dynamic tests of preload responsiveness, such as the 
Trendelenburg maneuver, an EEOT, or a TVC.
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13Update on the Management of Acute 
Respiratory Failure Using Non-invasive 
Ventilation and Pulse Oximetry

T. Abe, T. Takagi, and T. Fujii

13.1  Introduction

The coronavirus disease 2019 (COVID-19) pandemic has been the biggest chal-
lenge to intensive care providers globally since the invention of ventilators in the 
1930s to support patients with polio [1]. The huge number of patients with 
COVID-19 urged us to investigate better and safer strategies for managing respira-
tory failure. Given the limited resources for the large number of patients presenting 
with acute respiratory failure, we used non-invasive devices, i.e., pulse oximeters 
and non-invasive ventilation (NIV), to monitor and manage patients outside the 
ICU. This raised attention regarding the uncertainties of using such devices in the 
management of critically ill patients.

NIV emerged as a respiratory support system to reduce the need for endotracheal 
intubation and the risk of death. More patients than ever received respiratory sup-
port with NIV during the COVID-19 pandemic, in part also because of the limited 
availability of invasive mechanical ventilation. Clinicians and researchers have 
attempted to determine the optimal management of respiratory failure using NIV.

In this review, we summarize recent clinical research findings on the manage-
ment of acute respiratory failure using NIV and pulse oximetry. For the purposes of 
this article, NIV includes non-invasive positive pressure ventilation (NPPV) and 
high-flow nasal cannula oxygen (HFNC).
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13.2  Effectiveness and Utility of NIV

In their systematic review published in 2020, Ferreyro et al. reported that NPPV was 
associated with a lower risk of mortality, particularly with helmet type (risk ratio 
(RR) 0.40 [95% CI 0.24–0.63]), and also with face mask type (RR 0.83 [95% CI 
0.68–0.99]) in acute hypoxemic respiratory failure [2]. NPPV was also associated 
with lower risks of intubation (helmet type, RR 0.26 [95% CI 0.14–0.46], face mask 
type, RR 0.76 [95% CI 0.62–0.90]) when compared with conventional oxygen ther-
apy. In contrast, HFNC was not significantly associated with a lower risk of mortal-
ity (RR 0.87 [95% CI 0.62–1.15]); however, it was associated with a reduced risk of 
intubation (RR 0.76 [95% CI 0.55–0.99]). Thus, the best probability of reducing 
all-cause mortality and intubation was with helmet NPPV.

Another systematic review, published in 2021, evaluated ventilation modes in 
addition to respiratory support devices and compared continuous positive airway 
pressure (CPAP), pressure support ventilation (PSV), HFNC, and conventional oxy-
gen therapy using a network meta-analysis [3]. Only CPAP was associated with 
improved mortality compared to conventional oxygen therapy (RR 0.55 [95% CI 
0.31–0.95]), and CPAP and PSV were associated with a lower risk of intubation 
(CPAP, RR 0.48 [95% CI 0.30–0.79]; PSV RR 0.67 [95% CI 0.51–0.89]). HFNC 
was not associated with a significantly lower risk of mortality or intubation. Thus, 
the best probability of reducing all-cause mortality and intubation was with CPAP.

13.3  Key Clinical Trials from the Systematic Reviews

Frat et  al. conducted a randomized clinical trial (RCT) to assess the efficacy of 
HFNC for acute hypoxemic respiratory failure compared to conventional oxygen 
therapy and NPPV [4]. The trial revealed that intubation at 28 days was not signifi-
cantly different between HFNC (38% [40/106]), conventional oxygen therapy (47% 
[44/94]), and NPPV (50% [55/110]) (p for the three-group comparison  =  0.18). 
However, the risk of death at 90 days was significantly higher with conventional 
oxygen therapy (hazard ratio (HR) 2.01 [95% CI 1.01–3.99]) and NPPV (HR 2.50 
[95% CI 1.31–4.78]) compared to HFNC. HFNC might reduce mortality at 90 days 
because the large tidal volume in the NPPV group (median 9.2 ± 3.0 ml/kg) may 
lead to de novo lung injury (Table 13.1).

NIV is preferred in immunocompromised patients as it may mitigate the risk of 
ventilator-associated pneumonia (VAP). Several trials have been conducted in 
immunocompromised patients. One trial compared NPPV vs. conventional oxygen 
therapy (n = 374), and another compared HFNC vs. conventional oxygen therapy 
(n = 776); neither trial found any significant difference in mortality or intubation 
rates at 28 days. Given that the meta-analysis suggested clinical benefits of NPPV 
and HFNC in non-restricted patient populations [2], Coudroy et  al. conducted a 
multicenter RCT comparing NPPV interspaced with HFNC during the interruption 
period to prolong the duration of respiratory support with HFNC alone in 300 adult 
immunocompromised patients (50% had hematological malignancy) [8]. The 
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results, published in 2022, showed that mortality rates at day 28 did not differ 
between the two groups (35% [51/145] in the NIV + HFNC group, 36% [56/154] in 
the HFNC alone group, p = 0.83).

With preserved spontaneous breathing, a mechanism called patient self-inflicted 
lung injury (p-SILI) can cause further alveolar damage [11, 12]. In lungs affected by 
the acute respiratory distress syndrome (ARDS), typified by dorsal collapse and 
ventral hyperinflation, strong inspiratory efforts would cause greater local strain, 
damaging the alveoli histologically and physiologically. In addition, some studies 
have suggested that a tidal volume of 9 ml/kg or more could increase the probability 
of NIV failure [4, 13], which may explain the lack of benefit in these trials [4, 
5, 8, 13].

13.4  Current Knowledge of NIV for Respiratory Failure 
in the ICU

In respiratory failure requiring intensive care unit (ICU) admission, NPPV or HFNC 
probably reduce the risk of death or intubation compared to conventional oxygen 
therapy. In particular, NPPV has a well-established effect on acute exacerbations of 
chronic obstructive pulmonary disease (COPD) and cardiogenic pulmonary edema 
[14–16]. Additionally, the European Respiratory Society recommends using HFNC 
for acute hypoxemic respiratory failure in its recent clinical practice guideline [17]. 
NPPV can be effective if it manages to prevent increases in inspiratory effort and 
tidal volume while ensuring tolerance. When managing acute hypoxemic respira-
tory failure with NPPV, the ventilation mode may need attention to minimize the 
risk of p-SILI.

However, more information is required to inform clinical practice on how to 
manage acute hypoxemic respiratory failure using NIV. First, it is unclear how dif-
ferences in the NPPV interface may affect clinical outcomes. For example, helmet 
NPPV might be more comfortable, and air leaks may be minimized. However, the 
most recent systematic review, which included 16 RCTs and 8 observational stud-
ies, found that the mortality benefit of helmet NPPV over face mask NPPV was of 
low certainty despite the statistically significant effect estimates (RR 0.56 [95% CI 
0.33–0.95]) [18]. Furthermore, the effect of helmet NPPV compared to HFNC was 
uncertain [18]. Therefore, further well-designed and adequately powered clinical 
trials are needed to determine the optimal intervention with NIV. Second, preserva-
tion of spontaneous breathing may worsen existing lung injury and lead to 
p-SILI. However, there is not sufficient evidence on its clinical significance.

13.5  NIV for COVID-19

The COVID-19 pandemic has forced the use of NIV outside the ICU, such as in 
general wards [19]. HFNC was also used for acute hypoxemic respiratory failure 
related to COVID-19 worldwide, even before its efficacy and safety were estab-
lished [20]. A recent systematic review identified nine observational studies and 
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only one RCT that compared HFNC and NPPV by June 2021. Due to the paucity of 
adequately powered RCTs, it would be premature to conclude whether NIV is clini-
cally beneficial for patients with COVID-19 or if HFNC or NPPV is superior to 
the other.

13.6  Key Clinical Trials and RECOVERY-RS

The HiFLo-Covid trial in Colombia (n = 220) compared HFNC and conventional 
oxygen therapy for respiratory failure due to COVID-19. HFNC was shown to 
reduce the rate of intubation at 28  days (34.3% vs. 51.0%, HR 0.62 [95% CI 
0.39–0.96]) [9]. HFNC may reduce respiratory workload and improve gas exchange, 
leading to the improved intubation rate. However, physiological parameters, such as 
transpulmonary pressures or tidal volumes, which support the mechanisms of 
HFNC, were not available in this trial.

The HENIVOT trial was a RCT conducted in four ICUs in Italy (n = 110) com-
paring helmet NPPV and HFNC for respiratory failure in COVID-19 [21]. There 
was no statistically significant difference in the primary outcome, 28-day mechani-
cal respiratory support free-days (20 days vs. 18 days, median difference (MD), 
2 days, [95% CI, −2 to 6]); however, one of the secondary outcomes, the 28-day 
intubation rate, was reduced with helmet NPPV compared to HFNC (30% vs. 51%, 
HR 0.41 [95% CI 0.18–0.89]). Given the small sample sizes of the two trials, the 
available evidence is insufficient to conclude a positive effect of NIV or futility in 
patients with COVID-19.

In 2022, an awaited trial result was published. The RECOVERY-RS trial is the 
largest RCT of NIV strategy for respiratory failure due to COVID-19 [10]. 
RECOVERY-RS was a randomized, 3-arm study that compared HFNC, CPAP, and 
conventional oxygen therapy. Although it was terminated early, in May 2021 when 
1278 patients had been enrolled, due to the decrease in numbers of hospitalized 
patients with COVID-19, the results showed that CPAP reduced intubation or death 
within 30 days compared to conventional oxygen therapy (36.3% vs. 44.4%, abso-
lute difference −8% [95% CI −15% to −1%]). In contrast, HFNC was not signifi-
cantly different compared to conventional oxygen therapy (44.3% vs. 45.1%, 
absolute difference −1% [95% CI −8% to 6%]). Although early termination of a 
trial could provide a risk of bias that overestimates the effect in general, the decision 
was made solely by the trial committee, which was blinded to the result of an interim 
analysis, thus mitigating the risk. Regrettably, the early termination made the trial 
underpowered to detect any clinically meaningful difference.

13.7  Current Knowledge About Use of NIV for COVID-19

Schmid et  al. [22] updated a systematic review and meta-analysis and analyzed 
three RCTs comparing HFNC to NPPV, including RECOVERY-RS.  The result 
showed that HFNC use may increase the composite outcome of intubation or mor-
tality rate (RR 1.22 [95% CI 1.03–1.45]). However, the available evidence was 
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insufficient to conclude the effectiveness of NPPV or HFNC because of the low 
level of evidence and possible bias.

Furthermore, extra considerations are needed in managing COVID-19 respira-
tory failure: the risk of virus transmission through aerosol dispersed from the equip-
ment, depletion of medical resources due to pandemics, changes in standard of care, 
and viral mutations [23].

13.8  Timing of Intubation When Patients Are Receiving NIV

Delayed intubation has a poor prognosis for patients who need invasive ventila-
tory management. Kang et al. conducted an observational study to describe the 
characteristics of patients requiring tracheal intubation after HFNC failure [24]. 
They reported that patients who had intubation after 48 h had a higher mortality 
rate than those who had intubation within 48 h (66.7% [30/45] vs. 39.2% [51/130], 
p = 0.001).

Kangelaris et al. reported that 34% of patients with respiratory failure in multi-
center ICUs who were managed without intubation at the time of meeting criteria 
for ARDS (PaO2/FiO2 < 300 or SpO2/FiO2 < 315) required intubation within the 
next 3 days [25]. Sixty-day mortality of the late intubation group was higher than 
that of patients intubated early (56% [20/36] vs. 36% [128/351]).

A recent systematic review, published in 2021, assessed whether early intuba-
tion of patients with COVID-19 was effective [26]. Twelve observational studies, 
representing 8944 patients with COVID-19, were included. In the pooled analysis 
there was no significant difference in mortality among those who had intubation 
early (within 24 h of ICU admission) and those intubated late (45.4% vs. 39.1%, 
p = 0.08).

The British Thoracic Society recommends evaluating patients 4–6 h after initiat-
ing NIV [27]. However, current clinical practice seems more conservative. RCTs 
that have assessed the effects of NIV reported that most intubation events occurred 
around 1–2 days after the initiation of NIV [4–6, 8]. As there are not sufficient data 
on the optimal timing of intubation for patients receiving NIV, close monitoring of 
respiratory workload and gas exchange are vital in these patients. Furthermore, opti-
mal parameters that can inform clinicians about the best timing for intubation have 
yet to be determined.

13.9  Predicting Successful Treatment with HFNC

A strong interest has developed into predicting treatment success for HFNC. To 
avoid delaying intubation, Roca et al. proposed the ratio of oxygen saturation to 
respiratory rate (ROX) index as an early predictor of HFNC treatment failure so that 
intubation can be performed in a timely manner [28, 29]. The ROX index is calcu-
lated as (SpO2/FiO2)/respiratory rate. The numerator (SpO2/FiO2) is a measure of 
oxygenation that is positively correlated with successful high-flow oxygen therapy. 
The denominator (respiratory rate) is inversely correlated to high-flow oxygen 
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therapy success. Although the predictive performance of the ROX index has been 
increasingly studied in recent years, there are still only a few high-quality studies 
[30–32].

A systematic review of eight observational studies of COVID-19-associated 
pneumonia found that the summary area under the curve (SAUC) of the ROX-index 
to predict high-flow oxygen therapy failure was 0.81 (95% CI 0.77–0.84), with a 
sensitivity of 0.70 (95% CI 0.59–0.80) and specificity of 0.79 (95% CI 0.67–0.88) 
[33]. HFNC failure was defined as the use of either invasive or non-invasive mechan-
ical ventilation. The results indicated that the ROX index had good discriminatory 
power to predict HFNC failure [33]. In a subgroup analysis in which only studies 
that examined the ROX index within 6 h of HFNC initiation were considered, there 
was no change in predictive accuracy [33].

Another subgroup analysis looked at the cut-off value of the ROX index. Studies 
with an ROX index cut-off value greater than 5 had higher predictive accuracy 
(SAUC, 0.87 [0.83, 0.89]) than those with a cut-off value of 5 or less (SAUC, 0.76 
[0.72, 0.80]) [33].

13.9.1  ROX Index in COVID-19

The utility of the ROX index in COVID-19 patients was explored in another system-
atic review of eight observational studies and one RCT [34]. The causes of respira-
tory failure were categorized as COVID-19-related pneumonia in four studies, 
pneumonia in two studies, hypoxic respiratory failure mainly due to pneumonia in 
two studies, and respiratory failure in immunocompromised patients in one study. 
The meta-analysis showed that the ROX index had moderate accuracy and, in a 
subgroup analysis, that it had higher predictive accuracy in studies of COVID-19- 
associated pneumonia than in studies of other diseases (COVID-19, AUC, 0.78 
[0.74, 0.82]; others, 0.72 [0.68, 0.76]) [34].

The most recently updated systematic review of 13 observational studies, of 
which 10 included COVID-19-related pneumonia and 3 included pneumonia, found 
similar findings [35]. Successful withdrawal from high-flow oxygen therapy was 
accurately predicted by the ROX index measured within 12 h of its initiation with 
an area under the hierarchical summary receiver operating characteristic curve 
(AUHSROC) of 0.81 (95% CI, 0.77–0.84), a diagnostic odds ratio of 8.3 (95% CI 
6.4–10.8), a sensitivity of 0.71 (95% CI 0.64–0.78), and a specificity of 0.78 (95% 
CI 0.70–0.84). The mean cut-off value was 4.8 (95% CI 4.2–5.4) and, in subgroup 
analysis, the predictive accuracy was high in COVID-19-related pneumonia, as pre-
viously reported [34]. Assessing the ROX index within 6 h or 6–12 h was associated 
with similarly good predictive ability [35].

The three systematic reviews [33–35] suggest that the ROX index measured 
within 12 h of initiation is a useful predictor of high-flow oxygen therapy success. 
However, the overall quality of the included studies was limited, and the heteroge-
neity observed in the pooled effects would need further exploration. Furthermore, 
the utility of the ROX index for NPPV is unknown as it has been developed and vali-
dated only with HFNC.
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13.10  Monitoring Respiratory Failure Using SpO2: The Risk 
of Inaccuracy

Dr. Takuo Aoyagi, a Japanese medical engineering specialist, invented the pulse 
oximeter in 1974 [36]. Since pulse oximeters use light absorption to estimate the 
SaO2, it was acknowledged early that skin color might affect the readings [37].

Jubran et al. conducted a prospective observational study of 54 ventilator-assisted 
patients (29 black and 25 white) at two USA institutions in 1990 [38]. In this study, 
the FiO2 of the ventilator was adjusted, and the SpO2 and arterial partial pressure of 
oxygen (PaO2) were recorded. The results suggested that pulse oximeters missed 
hypoxemia twice as often in black subjects than in white subjects. The value of 
SpO2 required to maintain PaO2 > 60 mmHg varied depending on the skin color. 
Based on an early experiment showing that the use of black nail polish reduced the 
difference in absorbance of red and infrared lights, and caused the pulse oximeter to 
falsely record a lower oxygen saturation, the disparity in the accuracy of SpO2 could 
be attributable to skin color [39]. However, this issue of measurement errors in pulse 
oximeters has not been pursued or sufficiently investigated until recently.

13.10.1  Inaccuracy of Pulse Oximeters and Skin Color: 
New Investigations

Since the COVID-19 pandemic outbreak in 2020, measurement errors from pulse 
oximeters have been revisited and studied worldwide. Sjoding et al. conducted an 
observational study in the USA to determine the frequency of potential hypoxemia 
(with SaO2 < 88% despite a pulse oximeter SpO2 of 92–96%) in 10,001 individuals 
(8675 white and 1326 black) [40]. Latent hypoxemia undetected by the pulse oxim-
eter occurred about three times more frequently in black subjects than in white 
subjects, suggesting that pulse oximeters are unreliable for triaging patients and 
adjusting oxygen levels. The study was published in 2020 and received worldwide 
attention, especially because of its important potential implications in the midst of 
the COVID-19 pandemic.

In 2021, Wong et al. conducted a large retrospective observational study using an 
American database of 87,971 individuals, including Asians, blacks, Hispanics, and 
whites. They reported the prevalence of potential hypoxemia (SpO2  >  88% but 
SaO2 < 88%) as well as clinical outcomes [41]. With more than 80,000 participants, 
the precision of the study increased compared to that in the smaller study by Sjoding 
et  al. [40]. Potential hypoxemia occurred in all racial subgroups, but there were 
racial differences in prevalence, being present in 6.8% of blacks, 6.0% of Hispanics, 
4.8% of Asians, and 4.9% of whites (p < 0.001) [41]. These authors also noted a 
greater variability in SaO2 for any given SpO2 value in black subjects and reported 
that the risk of potential hypoxemia at 92% SpO2 was 15.2% for white subjects, 
18.4% for Hispanics, 18.4% for Asians, and 20.2% for black subjects [41]. Clinical 
outcomes showed that patients with subclinical hypoxemia had higher serum 
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creatinine and lactate levels than those without subclinical hypoxemia and higher 
sequential organ failure assessment (SOFA) scores and hospital mortality [41].

These studies consistently reported that skin color differences cause pulse oxim-
eter measurement errors, and the errors are particularly pronounced in people with 
darker skin, increasing the risk of potential hypoxia, organ damage, and worse clini-
cal outcomes. Such disparities occur since most of the data that manufacturers 
obtain to develop pulse oximeters were derived from white subjects [42].

Following these reports, the Food and Drug Administration (FDA) has announced 
that to test the minimum mean accuracy of pulse oximeters, the SpO2 readings must 
be compared with directly measured SaO2 levels between 70 and 100% [43]. The 
FDA approves the pulse oximeter’s accuracy if 66% of SpO2 values are within 
2–3% of SaO2 values and about 95% of SpO2 values are within 4–6% of SaO2 val-
ues, emphasizing that SpO2 values do not always agree with SaO2 [43].

The pulse oximeter has become an essential monitoring device in clinical prac-
tice because it is a non-invasive and simple tool to measure oxygen saturation. 
However, it is fraught with potential health hazards due to misinterpretation of the 
numbers. Therefore, clinicians need to be aware of the limitations of pulse oxime-
ters and make careful clinical decisions.

13.11  Conclusion

NPPV has a well-established beneficial effect in acute exacerbations of COPD and 
cardiogenic pulmonary edema and probably reduces mortality in patients with acute 
hypoxemic respiratory failure. In COVID-19 respiratory failure, NPPV is favored 
over HFNC. HFNC may also reduce mortality in patients with acute hypoxemic 
respiratory failure and is recommended in recent guidelines. Questions remain 
regarding the best NPPV interface, the clinical impact of p-SILI, and the timing of 
and indications for intubation when NIV is started. All clinical practitioners use 
pulse oximetry despite its potential inaccuracies, particularly in patients with darker 
skin colors. Clinicians need to be aware of the unreliability of pulse oximeters to 
avoid exposing those patients to harmful clinical decision making.
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14Managing the Physiologically Difficult 
Airway in Critically Ill Adults

C. S. Jabaley

14.1  Introduction

Airway management (i.e., tracheal intubation) in critically ill adults has long been 
recognized as technically difficult [1]. Myriad patient and environment-specific fac-
tors conspire to increase the difficulty of conventional laryngoscopy and other 
approaches to the airway [2]. However, intubation in critical care settings has ben-
efitted from advances in equipment and techniques originally developed for applica-
tion in procedural environments: algorithmic approaches, video laryngoscopy, 
supraglottic airways, and other adjuncts. Their application to critical care settings 
has helped to increase the accessibility and safety of airway management.

Among this mitigation of technical difficulties, the latent physiologic difficulties 
of tracheal intubation in critically ill adults have become a new focus. These patients 
typically require definitive airway management due to organ dysfunction or other 
manifestations of critical illness, including altered consciousness, respiratory fail-
ure, and shock. These and other pathophysiological states increase the risks associ-
ated with sedative hypnotic (i.e., induction) agents and their hemodynamic sequelae, 
apnea during tracheal intubation, and/or transition to positive pressure mechanical 
ventilation. Therefore, successful airway management in critically ill adults requires 
planning and execution of strategies that mitigate potential technical and physiolog-
ical difficulties.
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14.2  Adverse Outcomes and Risk Factors

Although clinicians have long been intuitively familiar with the challenges and out-
comes of tracheal intubation in critically ill adults, high-quality prospective evi-
dence has emerged to help advance our understanding of global practices and 
outcomes.

14.2.1  What Are the Outcomes of Tracheal Intubation 
in Critically Ill Adults?

Until recently, estimates of adverse event rates have relied on extrapolation from a 
heterogeneous pool of sometimes retrospective and/or single-center studies [3, 4]. 
Recognizing these limitations, the literature has suggested that tracheal intubation 
in critically ill adults is associated with an approximate 30% risk of cardiovascular 
instability, 20% risk of hypoxemia, and 2–4% risk of cardiac arrest. The Fourth 
National Audit Project (NAP4) of the Royal College of Anaesthetists examined air-
way complications in the United Kingdom from September 2008 to August 2009 
and was the largest study of airway management complications at the time of its 
publication [5]. Among other findings, NAP4 identified intensive care units (ICUs) 
as the setting associated with the most potentially avoidable deaths related to airway 
management.

In 2021, the long-awaited results of the International Observational Study to 
Understand the Impact and Best Practices of Airway Management in Critically Ill 
Patients (INTUBE), a prospective study of tracheal intubation in critically ill adults 
over 8 consecutive weeks in 197 centers across 29 countries with observations 
between October 1, 2018 and July 31, 2019, were published [4]. Among the 2964 
patients included, the most frequent indications for tracheal intubation were respira-
tory failure (52.3%), neurological impairment (30.5%), and cardiovascular instabil-
ity (9.4%). Cardiovascular instability—defined as systolic blood pressure 
(SBP) < 65 mmHg at least once, SBP < 90 mmHg for >30 min, new or increased 
need for vasopressors, and/or need for fluid bolus >15 ml/kg—was the most com-
mon adverse event, occurring in 42.6% of intubations. This was followed by severe 
hypoxemia—defined as oxygen saturation (SpO2)  <  80%—in 9.3%, and cardiac 
arrest in 3.1%. Of the 1172 occurrences of cardiovascular instability, 1053 (89.9%) 
involved the need for new or increased vasopressors.

14.2.2  Which Patients Are at Risk?

Recognizing that the risks associated with airway management may be due to tech-
nical and/or physiological difficulty, predicting adverse outcomes requires consid-
eration of both factors. This was exemplified by the MACOCHA score, which 
includes both anatomical and physiological features to predict difficult intubation 
and has been incorporated into relevant guidelines (Table 14.1) [6, 7]. Although the 
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Table 14.1 MACOCHA score 
variables [6]

Factor Points
Mallampati III or IV 5
Obstructive sleep apnea 2
Reduced cervical spine mobility 1
Mouth opening <3 cm 1
Coma 1
SpO2 < 80% 1
Non-anesthesiologist 1

The MACOCHA score includes seven factors: Mallampati 
score, sleep apnea, cervical spine mobility, mouth open-
ing, coma, hypoxemia, and non-anesthesiologist

MACOCHA score has been validated, it was not associated with adverse events in 
the INTUBE study when dichotomized into <3 or ≥3 [4]. In multivariate analysis, 
factors associated with adverse events included age, history of heart failure, history 
of hematologic malignancy, cardiovascular instability as an indication for intuba-
tion, and other features of hemodynamic compromise.

Risk factors for cardiovascular collapse (e.g., cardiac arrest) have also been 
explored. In a secondary analysis of the cohort used to derive and validate the 
MACOCHA score, Perbet et al. identified advanced age and more severe critical 
illness as risk factors for cardiovascular collapse [8]. Subsequently, De Jong et al. 
identified hypotension, hypoxemia, lack of pre-oxygenation, obesity, and 
age > 75 years as relevant risk factors for cardiac arrest [9]. Halliday et al. identified 
hypotension, the need for vasopressors prior to intubation, age, and cirrhosis as the 
top four risk factors in a secondary analysis of trial data [10–13]. Right ventricular 
(RV) dysfunction is also an increasingly appreciated risk factor as perturbations in 
gas exchange, acid/base status, and intrathoracic pressure may all lead to cardiovas-
cular collapse [14, 15]. In a secondary analysis of INTUBE, the risk factors for 
cardiovascular instability included age, lower blood pressure, lower oxygen satura-
tion, and propofol administration [16].

14.3  Hemodynamic Optimization

Given that cardiovascular instability is the primary risk of tracheal intubation in 
critically ill adults in the contemporary era, its prevention and management is a 
natural clinical focus. Furthermore, cardiovascular instability, among other adverse 
peri-intubation events, has been independently associated with ICU mortality [4, 
9, 16–19].

14.3.1  Is There an Optimal Induction Agent?

The optimal induction agent, if any, for tracheal intubation in critically ill adults 
remains controversial. Clinical experience suggests that any agent has the potential 
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for hemodynamic trespass, highlighting the importance of clinical judgement. 
However, extrapolated pharmacokinetic modeling from animal studies reveals that 
some agents (e.g., etomidate) require less dose reduction than others (e.g., propofol) 
in the presence of shock [20]. Propofol was the induction agent administered most 
frequently in INTUBE (41.5%), followed by midazolam (36.4%), etomidate 
(17.8%), and ketamine (14.2%) [4]. Totaling 109.9% of encounters, approximately 
10% of patients received more than one induction agent. In the aforementioned 
secondary analysis of INTUBE, an inverse probability of treatment weighting 
approach to causal effect inference suggested that propofol administration was the 
sole variable independently associated with cardiovascular instability or collapse 
[16]. This finding parallels previous investigations and clinical experience, and 
etomidate and ketamine have been recommended as first-line induction agents in 
critically ill adults [7].

Etomidate, anecdotally more so than any other induction agent, continues to 
prompt spirited debate [21, 22]. Matchett et al. recently reported the results of the 
Etomidate Versus Ketamine for Emergency Endotracheal Intubation (EvK) trial in 
which 801 patients were randomized to receive either etomidate or ketamine for 
emergency tracheal intubation [23]. The resulting Kaplan-Meier curve was diver-
gent so that patients randomized to etomidate had a significantly higher risk of 
mortality at day 7 and a non-significantly higher risk at day 28. Etomidate advocates 
inferred non-inferior outcomes from this convergence on day 28 while its detractors 
inferred risk of avoidable harm.

Among patients who received ketamine in the EvK trial, 25% sustained post- 
induction cardiovascular collapse versus 17.4% who received etomidate (mean 
difference 7.6%, 95% CI 2–13). Highlighting the clinical judgement involved in 
selecting the induction agent and dose, there was substantial heterogeneity in 
induction agent dose in the EvK trial, which may have influenced outcomes as 
dosage was not standardized. Ketamine has sympathomimetic properties but has 
also been found to exert dose-dependent negative inotropy in vitro [24]. Ketamine 
may be gaining popularity as it represented 68% of induction agents administered 
in a European bougie trial, but geographically influenced clinical practice patterns 
seem to also influence induction agent selection as, for example, ketamine repre-
sented only 24% of induction agents in a related North American trial [25, 26].

14.3.2  What Is the Role of Fluids?

While tracheal intubation is one of the most common ICU procedures, fluid admin-
istration is among the most common interventions. Recognizing the risk of hypoten-
sion due to induction agents and/or transition to positive pressure ventilation, fluid 
administration prior to intubation has a reasonable physiological rationale. 
Vasodilation from induction agents may be offset, and venous return to the heart can 
be increased even amid increased intrathoracic pressure. However, favorable clini-
cal effects have not been borne out in two trials [12, 27]. In PrePARE, the impact of 
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a 500 ml crystalloid bolus on the primary outcome of cardiovascular collapse was 
examined; there was no significant effect, but there was a suggestion of benefit in 
patients who received positive pressure during intubation with non-invasive ventila-
tion (NIV) or bag-mask ventilation [12]. This population was specifically studied in 
a pragmatic follow-up trial enrolling 1067 patients, and again a 500 ml crystalloid 
bolus did not impact the primary outcome of cardiovascular collapse [27].

14.3.3  What Is the Role of Vasopressors?

Evidence to inform optimal selection and approach to vasopressor administration is 
lacking. However, given that cardiovascular instability accompanies a substantial 
proportion of tracheal intubations, it follows that the immediate availability of vaso-
pressors should be included as part of routine preparation. Whether administered 
preventively or in response to hypotension, the immediate readiness of these agents 
guarantees a short time between the development of instability and treatment. 
Vasopressors have been included and studied as elements of peri-intubation bundles 
[28], and a trial is underway to compare the efficacy of preemptive vasopressors 
against a fluid bolus (ClinicalTrials.gov Identifier: NCT05318066).

14.4  Mitigating Hypoxemia

Hypoxemia is the second most common adverse event associated with tracheal intu-
bation in critically ill adults. Maintaining adequate oxygenation between induction 
and intubation, sometimes called the apneic interval, is a key element of safe airway 
management. Acute or chronic lung disease coupled with concerns about aspiration 
serve to limit the efficacy of traditional pre-oxygenation strategies and diminish 
enthusiasm for certain rescue approaches.

14.4.1  Are Standard Pre-oxygenation Strategies Adequate?

Conventional pre-oxygenation approaches often do not meaningfully extend the 
safe apneic interval, particularly in patients with impaired gas exchange at baseline 
[29]. Secondary analysis of airway management trial data has revealed a nearly 
linear, proportionate relationship between SpO2 at induction and the lowest SpO2 
during tracheal intubation [30]. This was exemplified in a study by Mort et al. in 
which 34 consecutive critically ill patients were pre-oxygenated prior to tracheal 
intubation with 100% inspired oxygen fraction (FiO2) through an adult resuscitator 
bag for 8 min with serial arterial blood gas analysis [31]. From 0 to 4 min, the mean 
PaO2 increased from approximately 62 mmHg to 84 mmHg, and from 4 to 8 min the 
mean increase was only 9 mmHg, with a quarter of patients demonstrating a reduc-
tion in PaO2, likely due to atelectasis.
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14.4.2  What About Non-invasive Ventilation?

NIV has been associated with improved oxygenation during tracheal intubation with 
fewer adverse events compared to conventional pre-oxygenation [32, 33]. Positive 
pressure likely helps overcome the absorption atelectasis that develops during pre-
oxygenation with high FiO2 and unsupported spontaneous breathing. Despite these 
advantages, INTUBE showed that NIV use was infrequent in clinical practice, 
although not all patients may require advanced approaches to pre- oxygenation [4]. 
From a speculative standpoint, there are several potential barriers to wider adoption. 
One may be the time required to initiate support de novo or other barriers to easy 
implementation. Another is that the mask interface must be removed prior to airway 
instrumentation, at which point oxygen delivery is interrupted. Finally, NIV may risk 
gastric insufflation and aspiration, which will be discussed subsequently.

14.4.3  What About Apneic Oxygenation?

High flow nasal oxygen offers the advantage of an unobtrusive nasal interface that 
can be maintained during airway management. Therefore, high flow nasal oxygen is 
one modality by which to accomplish both pre-oxygenation and apneic oxygenation 
during airway management. This dual functionality also complicates literature 
interpretation, as most studies continue high flow nasal oxygen during airway man-
agement. Similarly, studies have used different equipment, each with varying maxi-
mal flow capabilities (e.g., 15 versus 60 l/min).

Having acknowledged those potential limitations, meta-analyses suggest that 
pre-oxygenation with high flow nasal oxygen is at least non-inferior to conventional 
approaches [34–36]. Meta-analyses have also suggested that the efficacy of high 
flow nasal oxygen is relative to the severity of respiratory failure with limited impact 
as the severity of respiratory failure increases, for example, as measured by the 
PaO2/FiO2 (P/F) ratio (Fig. 14.1) [36]. When comparing the efficacy of high flow 
nasal oxygen with NIV, therefore, the severity of baseline hypoxemia must be con-
sidered. In the FLORALI-2 trial, Frat et al. reported that 24% of patients pre-oxy-
genated with NIV developed a SpO2 < 80% versus 35% who were pre-oxygenated 
with high flow nasal oxygen (adjusted odds ratio of 0.56 [95% CI 0.32–0.99]) [37]. 
The OPTINIV trial explored the combination of high flow nasal oxygen and NIV in 
50 patients with a mean P/F ratio of 122 and found that patients receiving the com-
bination intervention maintained a higher SpO2 during intubation than those in the 
NIV only group [38].

14.4.4  Should Mask Ventilation Be Avoided?

Critically ill patients are at risk for aspiration and for potentially severe sequelae of 
aspiration in the presence of acute respiratory failure. Rapid sequence intubation 
(RSI), which avoids mask ventilation, has long been thought to help minimize the 
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Fig. 14.1 Efficacy of high-flow nasal oxygen for apneic oxygenation relative to the severity of 
respiratory failure. Relative risk indicates reduction in the incidence of severe hypoxemia, defined 
as SpO2 < 80%. (Reproduced from [36] under the Creative Commons Attribution 4.0 International 
License)

risk of aspiration, although the supporting evidence is limited. Furthermore, RSI 
itself may confer risks related to induction agent selection and dose and risk of 
hypoxemia in patients with severe respiratory failure.

The PreVent trial compared bag-mask ventilation versus its avoidance during the 
interval between induction and tracheal intubation in 401 critically ill adults with a 
primary outcome of lowest SpO2 [13]. SpO2 was higher in the bag-mask ventilation 
group (96% vs. 93%), and the incidence of a SpO2 < 80% was lower compared to 
the control group (10.9% vs. 22.8%). The overall rate of reported aspiration was 
3.2%. Although not designed or powered to critically examine safety outcomes, 
such as aspiration, the PreVent results challenge the dogma that mask ventilation 
must be strictly avoided and supports clinicians who choose to employ bag-mask 
ventilation to safely temporize hypoxemia during the apneic interval. Secondary 
analysis of trial data also suggests that bag-mask ventilation may be associated with 
higher oxygen saturation during intubation than apneic oxygenation [39].
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14.5  First Pass Success

No matter how robust the preparation, time for tracheal intubation may be limited. 
In the era before video laryngoscopy, multiple attempts at airway management were 
found to place patients at higher risk for adverse outcomes [40]. In INTUBE, two or 
more intubation attempts were likewise associated with an increased risk for major 
adverse events [4]. In particular, the risk of severe hypoxemia increased from 
approximately 5% with one attempt, to more than 20% with two attempts, and to 
more than 30% with three attempts.

14.5.1  Is It Time to Universally Adopt Video Laryngoscopy?

After approximately a century of direct laryngoscopy, video laryngoscopy has 
increased in popularity, its advocates hailing an emerging standard of care and its 
detractors bemoaning loss of familiarity with other approaches. Video laryngoscopy 
is a catchall term for a somewhat heterogeneous group of devices: (1) those with a 
conventional curved blade profile; (2) those with a hyperangulated blade profile; 
and (3) those with integral channels for tube passage. Proficiency with one device 
or category is not necessarily immediately transferrable to another [41]. An updated 
meta-analysis of 222 video laryngoscopy trials in multiple settings found that video 
laryngoscopy of any design reduces the probability of failed intubation and compli-
cations, with hyperangulated designs performing favorably in those with features of 
a difficult airway [42]. In ICU video laryngoscopy trials, video laryngoscopy also 
appears to be associated with improved first pass success [43].

Although an extended discussion about the capabilities and limitations of video 
laryngoscopy is beyond the scope of this review, three key points are worthy of 
emphasis. Video laryngoscopy generally gives a superior view of the glottic aper-
ture [42]. However, superior visualization of the airway does not eliminate the need 
for training and practice to establish expertise. Among trainees using a conventional 
profile video laryngoscopy device, both the level of training and dedicated video 
laryngoscopy experience (that is, 15 vs. >15 intubations) were identified as inde-
pendent predictors of first pass success when intubating critically ill adults [44]. 
Using experience from anesthesiology, hyperangulated devices may have a steeper 
learning curve, with mastery requiring upwards of 70 intubations [45]. Channeled 
designs inherently aid in tube placement; however, both conventional profile and, 
more so, hyperangulated devices require a stylet to reliably facilitate endotracheal 
tube placement. In the absence of a stylet or adequate device-specific expertise, any 
advantages associated with video laryngoscopy may not materialize, resulting in 
prolonged airway management and increased risk of adverse events despite superior 
glottic visualization [46].
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14.5.2  What About Intubation Adjuncts and Checklists?

Despite the growing popularity of video laryngoscopy, direct laryngoscopy remains 
commonplace worldwide, accounting for 81.5% of intubations included in INTUBE 
[4]. There also remains international variation in the routine use of endotracheal 
tube stylets due to their associated risks, which, while uncommon, are potentially 
severe. The recent STYLETO trial reported a first pass success rate of 78.2% in 
patients intubated with direct laryngoscopy and a stylet and 71.5% in those intu-
bated without a stylet [25]. Among the 999 included patients, in the stylet group 
there were two laryngeal injuries, one mediastinal injury, and two esophageal 
injures, while in the control group there were two laryngeal injuries and one tra-
cheal injury. For clinicians accustomed to using a stylet, the results of the BOUGIE 
follow-up trial suggest that a tracheal tube introducer (i.e., bougie) may not offer an 
advantage under usual conditions [26].

Checklists and other similar cognitive aids have been found to increase adher-
ence to complex multistep processes in stressful clinical contexts [47]. ICU intuba-
tion checklists that incorporate physiological optimization have been shown to 
improve outcomes in small studies [28, 48]. Janz et al. conducted the only random-
ized trial of an intubation checklist and demonstrated no differences in lowest oxy-
gen saturation or blood pressure during intubation; however, that checklist did not 
include preparatory steps relevant to physiologic optimization [11]. Similarly, a 
recent meta-analysis of 11 studies, including 3261 patients, found no association 
between airway checklists and improved clinical outcomes [49]. Although these 
findings are somewhat discouraging, given the seemingly ever-growing complexity 
of critical illness and the serious risks posed to patients by airway management in 
the ICU, further development and assessment of checklists incorporating prepara-
tion for physiological difficulties is an important avenue of investigation.

14.6  Is It Time for New Approaches?

Some patients in physiological extremis may not tolerate some or all elements of 
traditional approaches to emergency airway management, including sedative hyp-
notic agents, apnea, and positive pressure ventilation. Patients with severe respira-
tory failure, advanced shock, RV failure, and refractory acidosis are at particularly 
high risk. In such instances, awake intubation may be considered; however, related 
techniques may be unfamiliar to some intensivists without practical experience in 
other contexts (e.g., procedural environments). Training for awake tracheal intuba-
tion, awake transition to extracorporeal support, and other such avenues represents 
a potentially fruitful and important avenue for continued evolution in our manage-
ment of physiologically challenging scenarios.
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14.7  Conclusion

Tracheal intubation in the ICU is a commonplace and short procedure that poses 
risks to patients and challenges to intensivists. Time and dedication have led to the 
evolution and refinement of technical approaches to airway management. In this 
modern era, physiological compromise poses a greater risk to patient safety during 
airway management in critically ill adults than outright failure of intubation [4]. 
Therefore, airway management in the ICU has expanded to include preparation for 
and management of physiologic trespass during tracheal intubation. With this 
expanded scope comes additional complexity and nuance that require the integra-
tion and clinical application of multiple key concepts to each airway management 
encounter (Table 14.2).

Table 14.2 Summary points for management of the physiologically difficult airway

Risks and risk prediction
Cardiovascular instability, hypoxemia, and cardiac arrest are the most common adverse events 
associated with tracheal intubation
Risk factors for cardiovascular collapse include age, shock, hypoxemia, advanced critical 
illness, and propofol administration
Hemodynamic optimization
Etomidate and ketamine may impact hemodynamics less than propofol
A crystalloid bolus prior to intubation has not been associated with improved hemodynamics, 
even in patients receiving positive pressure ventilation
Given the frequency of cardiovascular instability, vasopressors should be readied as part of 
preparation for tracheal intubation
Mitigating hypoxemia
Standard pre-oxygenation strategies are inadequate to safely extend the apneic interval in 
patients with moderate to severe respiratory failure
Non-invasive ventilation can be used with or without high flow nasal oxygen and is more 
effective than high flow nasal oxygen alone
While historically avoided, bag-mask ventilation improves oxygenation during airway 
management and can be employed either preemptively or for rescue
First pass success
Multiple attempts at intubation increase the risk of adverse events
Depending on the preferences and expertise of the intubating clinician, video laryngoscopy or 
direct laryngoscopy with adjuncts may improve first pass success
Checklists improve adherence to complex, multi-step processes and may help prompt 
preparation for physiologic trespass
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15Dyspnea in Patients Receiving Invasive 
Mechanical Ventilation

M. Decavèle, C. Bureau, and A. Demoule

15.1  Introduction

Over the past decades, attention has increasingly been paid to the detection and 
management of pain in intensive care unit (ICU) patients. Interestingly, during the 
same period, very little attention has been paid to dyspnea, which remains signifi-
cantly under-assessed and under-treated in patients receiving invasive mechanical 
ventilation. Although sharing many similarities with pain, dyspnea is far worse 
because of its associated dimension, the fear of dying. Inappropriate ventilator set-
tings, mainly underassist, combined with communication impairment and feelings 
of loss of control and/or helplessness, are likely to contribute to the onset of serious 
psychological consequences such as post-traumatic stress disorder (PTSD). 
Dyspnea should therefore be a major preoccupation for ICU stakeholders, whose 
mission is not only to treat diseases, but also to relieve unpleasant symptoms and 
improve comfort.

The aim of the present chapter is to provide information regarding the prevalence 
and risk factors of dyspnea in patients receiving invasive mechanical ventilation, to 
depict its relation to ventilator settings, to review the spectrum of its consequences 
and to highlight the extent of its invisibility and under-evaluation in clinical practice.
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15.2  Definition, Prevalence and Intensity of Dyspnea

15.2.1  Definition

The American Thoracic Society defines dyspnea as “a subjective experience of 
breathing discomfort that consists of qualitatively distinct sensations that vary in 
intensity” [1]. The main characteristics of dyspnea sensation are: (1) air hunger, 
generally associated with increased respiratory drive (hypercapnia) and marked 
unpleasantness; (2) labored breathing, mostly observed in the case of increased 
respiratory muscle load; and (3) chest tightness, generally associated with increased 
bronchial resistance. These three sensations can be observed in endotracheally intu-
bated patients, alone or in combination [2, 3].

Although possibly associated with it, the definition of dyspnea does not include 
observable signs of respiratory distress (e.g., tachypnea, use of neck muscles, rise in 
clavicle, chest retractions, or abdominal paradox during inspiration), and the 2012 
American Thoracic Society statement strongly emphasizes that, as with other symp-
toms such as pain, dyspnea per se can only be perceived by the person experiencing 
it. Consequently, to assess dyspnea the clinician first needs to ask patients for the 
presence or absence of dyspnea by a simple dichotomous trigger question, such as 
“is your breathing comfortable?”, “do you feel breathless?”, “are you getting enough 
air?”. Second, if dyspnea is detected, the physician asks the patient to self-report the 
intensity of dyspnea on a scale (visual analog, numerical, Borg, categorical, or 
Likert scales) [1].

Dyspnea shares many clinical and neurophysiological features with pain [1, 4]. 
However, in contrast to pain, dyspnea reflects a critical threat to a vital function, 
namely breathing. As reported by patients who experience dyspnea, its association 
with the fear of dying makes dyspnea a much more terrifying experience than pain: 
“It is a frightened feeling where you don’t think you’ll get another breath…it is 
accompanied by fear and panic”; “when the shortness of breath was at its extreme, 
I thought I was going to die...I did have thoughts about suicide…”.

Subsequently, the 2012 definition of dyspnea [1] appears to understate the con-
stant and marked adverse emotional response reported by patients experiencing 
dyspnea. A more operational definition may describe dyspnea as “an unpleasant and 
frightening awareness of abnormal breathing”.

15.2.2  Prevalence and Intensity

In contrast with pain, little attention has been given to the monitoring of dyspnea in 
patients receiving invasive mechanical ventilation. There are no clinical guidelines 
in this sense, and available data suggest that dyspnea is not routinely assessed and 
recorded in most ICUs worldwide. Dyspnea is seemingly listed as the primary or 
secondary outcome of no more than 50 studies conducted in patients receiving inva-
sive mechanical ventilation. These studies can be classified into: (1) retrospective 
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recall studies (survivors were asked to recall their breathing experience); (2) pro-
spective observational studies; and (3) prospective interventional studies that 
assessed the impact of ventilator setting modifications on dyspnea (Table 15.1).

Table 15.1 Relationship between ventilator settings and dyspnea in patients receiving invasive 
mechanical ventilation

Ventilator 
setting that 
was 
changed n

Dyspnea rating 
scale

Dyspnea intensity (% of 
full rating scale) Study design and main results

Pressure support level
Vitacca 
(2004) [5]

24 VAS 25–5: 62 15–5: 35 Explored the effect of different 
levels of PS-PEEP levels on 
dyspnea (U-shaped 
relationship)

5–5: 42 0–5: 65

Schmidt 
(2011) [2]

96 VAS Baseline: 50 (40–70) Ventilator settings (PSV mode 
switch, increase in PS) 
alleviated dyspnea in 35% of 
cases. Dyspnea associated 
with weaning failure

Median reduction of 46 
after ventilator 
adjustments

Schmidt 
(2013) [6]

12 VAS H-LowET: 5 Compared dyspnea between 
High (H) and Low (L) 
pressure support associated 
with high or low expiratory 
triggering (ET). Correlation 
with surface respiratory 
muscle electromyography

H-HighET: 20
L-LowET:51
L-HighET: 51

Raux 
(2019) [7]

12 VAS Baseline: 30 (25–40) Dyspnea assessed before and 
after increase in PS. 
Continuous monitoring of 
EEG

Increased PS: 0 (0–10)

Bureau 
(2021) [8]

34 VAS Baseline: 62 (22–75) Increase in pressure support 
(100% increase) relieved 
clinically significant dyspnea

Increased PS: 37 (20–55)

PEEP
Petrof 
(1990) [9]

7 Likert from 0 
(no) to +100 
(improvement)

PEEP 5: +28 ± 10 Explored the effect of different 
PEEP levels to reduce intrinsic 
PEEP load in severe chronic 
obstructive pulmonary disease 
patients

PEEP 10: +53 ± 8
PEEP 15: +48 ± 13

Vovk (2007) 
[10]

6 VAS ∆EELV 200 ml: 10% 
relief

Increased EELV using 
PEEP. Increasing EELV by 
350 ml relieved air hunger by 
10% (healthy volunteers)

∆EELV 1000 ml: 40% 
relief

Inspiratory flow slope/rate
Chiumello 
(2001) [11]

10 mBorg Lowest: 38 Low: 16 Explored the effect of different 
inspiratory flow slope levels 
on dyspnea (U-shaped 
relationship)

High: 27 Highest: 33

(continued)
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Table 15.1 (continued)

Ventilator 
setting that 
was 
changed n

Dyspnea rating 
scale

Dyspnea intensity (% of 
full rating scale) Study design and main results

Manning 
(1995) [12]

10 mVAS (40 cm) 0.35 l/s: 30 Explored the effect of different 
inspiratory flow rates levels on 
dyspnea (U-shaped 
relationship) in AVC 
ventilatory mode (healthy 
volunteers)

0.6–1.2 l/s: 10
1.6 l/s: 20

FiO2

Volta 
(2006) [13]

13 VAS FiO2 21%: 68 Dyspnea assessed between 
different FiO2 levels. Dyspnea 
correlated with P0.1 
(R2 = 0.89)

FiO2 80%: 24

Tidal volume
Manning 
(1992) [14]

5 VAS (air 
hunger)

600 ml: no-mild dyspnea Explored the effect of tidal 
volume on dyspnea at constant 
PetCO2 in quadriplegic 
patients

1200 ml: extreme 
dyspnea

n number of patients, PSV pressure support ventilation mode, PS pressure support, SBT spontane-
ous breathing trial, PEEP positive end-expiratory pressure, VAS visual analog scale, NRS numeri-
cal rating scale, EELV end-expiratory lung volume, ∆EELV variation of EELV, P0.1 airway 
occlusion pressure, SIMV synchronized intermittent mandatory ventilation, EEG electroencepha-
logram, FiO2 fraction of inspired oxygen

Among the 16 retrospective recall studies (not all reported here), four [15–18] 
reported both prevalence and intensity of dyspnea in patients receiving invasive 
mechanical ventilation (“not enough air” “suffocation” or “choked”), compiling 
interviews from 548 patients. In these studies, dyspnea affected 33–100% of patients 
and was rated moderate to severe in 52–92% of cases. However, recall design has 
major bias, since the ability to recall symptoms is known to depend on depth of 
sedation during the ICU stay [17], the presence of brain injury, and patient age [19]. 
In addition, recall can only be elicited in ICU survivors, which induces a potential 
underestimation of dyspnea in the most severely ill patients, those who will die in 
the ICU.

Among the 20 observational prospective studies, 8 reported both prevalence and 
intensity of dyspnea in patients receiving invasive mechanical ventilation, compil-
ing assessments from 1250 patients [2, 3, 20–26]. In these studies, dyspnea affected 
34–100% of patients. Patients rated the intensity of dyspnea at between 29% and 
63% on a full dyspnea rating scale. In addition to their small sample sizes and 
single- center design for the vast majority, these studies were largely heterogeneous 
in term of patients (post-operative, medical, difficult to wean or not, ready to wean 
or not), scale used to rate dyspnea intensity (visual analog, numerical, modified 
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Borg, categorical or Likert scales), frequency of assessment (once or repeated), and 
time point of assessment. Some data suggest that the prevalence and intensity of 
dyspnea may vary during the ICU stay. In the 24 h following ICU admission, dys-
pnea affects 50% of patients and is rated at 50% on a full numerical rating scale 
[26], whereas it concerns 25% of ready-to-wean patients before a spontaneous 
breathing trial (SBT), rated at 25% on a full scale [25, 27–30]. The most robust data 
regarding the epidemiology of dyspnea in patients receiving invasive mechanical 
ventilation have been provided by a recent French observational prospective multi- 
center cohort study that included 612 patients. In this study, dyspnea was measured 
as soon as patients were able to communicate (first awakening). Dyspnea was 
reported by 35% of patients, who rated it at 50 (40–70) mm on a visual analog scale 
from 0 (no dyspnea) to 100 (worse possible dyspnea) [3]. As a comparison, similar 
pain ratings constitute a clear and consensual indication for prompt analgesia [31].

15.3  Risk Factors for Dyspnea and Relation 
to Ventilator Settings

15.3.1  Pathophysiology of Dyspnea

Extensive reviews of dyspnea pathophysiology can be found elsewhere [e.g., 4]. 
Briefly, respiratory sensations are integrated and processed in the brain cortex and 
result from interactions between afferent sensory signals/inputs from numerous 
receptors (e.g., chemoreceptors, pulmonary stretch receptors and C-fibers, trigemi-
nal nerve sensory branches), and efferent signals from the medullary and cortical 
centers to the respiratory muscles. It has been proposed that the efferent neural drive 
to breathe containing the expected sensory consequences (the corollary discharge) 
is continuously compared within the cortex with the incoming flux of respiratory- 
related afferents. Dyspnea arises in the event of a mismatch between the expected 
(corollary discharge) and real (afferent) sensory information carried by the achieved 
ventilation. According to this neuromechanical uncoupling theory, dyspnea can be 
seen as an imbalance between the ‘demand for breathing and the capacity to satisfy 
this demand’, the latter also depending on respiratory load and ventilatory assis-
tance (Fig. 15.1). Nourishing the sensory cortex with respiratory-related afferents 
(e.g., high tidal volume, high inspiratory flow rate) has a considerable influence on 
the mitigation of dyspnea sensation.

One convincing piece of evidence supporting this theory of neuromechanical 
uncoupling is the occurrence of dyspnea when tidal volume is constrained (decreased 
capacity/reafferents) in the presence of hypercapnia (increased ventilatory drive/
demand) [32]. In this case, the impossibility to increase tidal volume and generate 
adequate sensory reafferents results in an imbalance in the increase in respiratory 
drive related to hypercapnia.
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Fig. 15.1 Pathophysiology of dyspnea in patients receiving invasive mechanical ventilation and 
how ventilator settings may play a part in both generating and alleviating dyspnea. MV mechani-
cally ventilated, VD / VT dead volume/tidal volume, PEEP positive end-expiratory pressure, VIDD 
ventilator- induced diaphragm dysfunction, VILI ventilator-induced lung injury, CO carbon mon-
oxide, Ca-O2 oxygen content of arterial blood, ACV assist control ventilation mode, D-VAS dys-
pnea visual analog scale, D-NRS dyspnea numerical rating scale, NMD neuromuscular blockade, 
FiO2 fraction of inspired oxygen, CO2 carbon dioxide; SF-36 short form-36. *Ventilator setting 
adjustments proposed here do not correspond to all patient-centered situations and must be adapted 
to each patient
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15.3.2  Risk Factors Not Related to Ventilator Settings

Factors not related to ventilator settings that are associated with dyspnea in patients 
receiving invasive mechanical ventilation are health-related quality of life (Short 
Form-36, mood state) at ICU admission [3], chronic respiratory and heart diseases 
[3], intubation for a respiratory cause, severity of the acute episode (respiratory and 
heart rate, severity scores) [3, 26], acidosis (respiratory or metabolic), fever [26], 
anemia, pain or anxiety [2, 3, 26], and low exposure to opioids during the ICU stay 
[33]. Altered respiratory mechanics (elevated resistance and low compliance) and 
altered gas exchange (hypoxemia and hypercapnia) are well-established causes of 
dyspnea. In addition, healthcare-related activities, such as bed transfers, bathing, 
and positioning may also contribute to the repetition of dyspnea episodes during the 
ICU stay. This is also the case for procedures such as ventilator disconnection, tra-
cheal suctioning, and fiberoptic bronchoscopy [22].

15.3.3  How Often Do Ventilator Settings Contribute 
to Dyspnea?

In addition to confirming the prevalence and intensity of dyspnea reported in obser-
vational studies, interventional studies that have included changes in ventilator set-
tings provide crucial information regarding the relationship between ventilator 
settings and dyspnea. Seventeen studies [2, 5–9, 11, 13, 14, 25, 27–30, 34, 35] have 
prospectively described the variation in dyspnea in response to ventilator setting 
adjustments in patients receiving invasive mechanical ventilation. Table 15.1 sum-
marizes some of these studies, including two relevant studies in healthy volunteers 
[10, 12]. In three studies, ventilator setting adjustments were performed with the 
intention of alleviating dyspnea in dyspneic patients [2, 7, 8]. These three studies 
show that ventilator setting adjustments alleviate dyspnea in one third of patients, 
providing stakeholders with a simple opportunity to relieve dyspnea. In the remain-
ing fourteen studies, dyspnea was measured after each change in ventilator settings, 
irrespective of the presence of dyspnea before ventilator setting adjustments.

The past two decades have seen a paradigm shift from ‘how best to mechanically 
assist a patient’s breathing’ to ‘how to avoid harm’. In this regard, prevailing lung- 
and diaphragm-protective ventilation (as well as reduced-sedation strategies), likely 
to induce underassist, may have shifted the respiratory comfort goal of care into the 
background, and contributed significantly to dyspnea onset in a substantial propor-
tion of patients. Figure 15.1 shows how ventilator settings may play a part in both 
generating and alleviating dyspnea.

Assist control ventilation mode exposes patients to a fivefold increased risk of 
experiencing dyspnea [2], especially when inspiratory flow is <40 l/min [2, 12] and 
tidal volume is low [14]. In this regard, recommended ventilation strategies of low 
tidal volume are likely to increase the risk of dyspnea onset.

With pressure support ventilation, a ‘reasonable’ increase in pressure support 
level is associated with a decrease in dyspnea intensity [2, 6–8]. However, overassist 
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may also induce dyspnea, especially in patients with chronic obstructive pulmonary 
disease (COPD), due to hyperinflation and ineffective triggering. It has been dem-
onstrated that reducing pressure support or inspiratory duration with a corollary 
reduction in tidal volume from 10 to 6 ml/kg of predicted body weight eliminated 
ineffective triggering in two thirds of patients receiving invasive mechanical ventila-
tion without inducing excessive work of breathing [36]; unfortunately, dyspnea was 
not measured in this study. In any case, additional studies support a U-shaped rela-
tionship between the level of assistance, the subsequent tidal volume generated, and 
dyspnea; when assistance is either too high or too low, respiratory discomfort 
increases [5, 37] (Fig. 15.2). A similar U-shaped relationship has also been observed 
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Fig. 15.2 Relationship between dyspnea sensation and level of ventilatory assistance. Red U-shaped 
arrow shows that when ventilatory assistance level is either too high or too low, dyspnea intensity may 
increase [5, 37]. Light pink boxes represent the modifications in drive, patient-ventilator asynchronies, 
respiratory mechanics, ventilator-induced diaphragm dysfunction (VIDD), and ventilator- induced 
lung injury (VILI) that could be observed following ventilatory assistance level modification. These 
should be also considered during the clinical decision-making of ventilator setting adjustments. PEEP 
positive end-expiratory pressure, P-SILI patient self-inflicted lung injury, EAdi diaphragm electrical 
activity, P0.1 airway occlusion pressure, Pmus the pressure generated by the respiratory muscles to 
inflate both the lung and the chest wall, Pes inspiratory swing in esophageal pressure
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between dyspnea and the inspiratory flow slope in pressure support ventilation 
mode [11]. Decreasing cycling-off in patients with increased respiratory elastance 
(obesity, pulmonary fibrosis) increases inspiratory time, which in turn reduces 
inspiratory muscle workload and reduces double triggering, a patient-ventilator 
asynchrony. Combined with increase in pressure support, decreasing cycling-off 
contributes to the reduction of dyspnea in patients receiving invasive mechanical 
ventilation [6].

No data have specifically investigated the relationship between dyspnea and 
inspiratory trigger sensitivity in patients receiving invasive mechanical ventila-
tion. Of note, ventilator setting adjustments aimed at reducing dyspnea in these 
patients generally involved a substantial increase in inspiratory trigger sensitivity 
[2, 7, 8].

Positive-end expiratory pressure (PEEP) adjustments may also reduce dyspnea 
by offsetting respiratory load generated by intrinsic PEEP [9] and increasing end- 
expiratory lung volume [10], which stimulates pulmonary stretch receptors.

Although PaCO2 remains the main determinant of central respiratory drive, a 
study of 13 patients receiving pressure support invasive mechanical ventilation 
demonstrated that increasing FiO2 (even generating hyperoxemia) was very effec-
tive in reducing dyspnea, which was in turn positively correlated to the reduction in 
respiratory drive (airway occlusion pressure [P0.1], R2 = 0.89 with dyspnea) [13]. 
Considering the possible negative effects of hyperoxemia on outcomes, this should 
at least encourage healthcare professionals not to minimize the influence of hypox-
emia in the genesis of dyspnea.

A major limitation of interventional studies that have investigated the impact of 
ventilator setting adjustments on dyspnea relief is that each change is generally part 
of a care bundle made up of multiple and various adjustments. Consequently, it is 
extremely difficult to isolate the respective effect of each ventilator setting change. 
Only a few interventional studies changed only one independent dyspnea driver 
while keeping the others constant [14]. For example, increasing the pressure support 
level may increase tidal volume, a stimulus for pulmonary stretch receptors, and 
also decrease PaCO2, a stimulus for chemoreceptors.

The ideal dose of ventilatory support during pressure support ventilation in gen-
eral is unknown, and when a decision is made to relieve dyspnea in patients receiv-
ing invasive mechanical ventilation, a balance between dyspnea relief and the 
potential harmful effects of ventilator overassist should be considered to gain a bet-
ter understanding of personalized ventilation (Fig. 15.2).

15.4  Clinical Consequences of Dyspnea in Patients Receiving 
Invasive Mechanical Ventilation

There is growing evidence suggesting that dyspnea may have a deleterious impact 
on the outcome of patients receiving invasive mechanical ventilation. The conse-
quences of dyspnea may occur either immediately during the ICU stay or be delayed.
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15.4.1  Immediate Fear and Panic Related to Dyspnea

When questioned 2–48 months after ICU discharge, one half of patients who had 
been mechanically ventilated during their ICU stay reported having experienced 
anxiety, fear, panic, or insecurity during mechanical ventilation [16, 19, 38]. The 
interplay between anxiety and dyspnea is complex, and causal relationships may 
exist in both directions, suggesting that anxiety-relieving interventions may also 
have positive effects on dyspnea. In a prospective study of 171 ICU patients (only 
34% of whom were receiving invasive mechanical ventilation), dyspnea was rated 
as the most distressing symptom encountered during the ICU stay [22]. A signifi-
cant association is observed between dyspnea and anxiety in patients receiving inva-
sive mechanical ventilation [2, 3, 26, 28], with a Spearman correlation coefficient of 
about 0.60. In a study of 612 patients receiving invasive mechanical ventilation, the 
prevalence of anxiety was higher among dyspneic patients than among non- dyspneic 
patients (72% vs. 26%, p < 0.001) [3]. In another study, dyspnea was independently 
associated with anxiety in multivariate analysis (odds ratio [OR] 8.84, 95% confi-
dence interval [CI] 3.26–24.0, p < 0.001) and ventilator setting adjustments that 
effectively reduced dyspnea also reduced anxiety [2].

15.4.2  Impact of Dyspnea on Weaning

Nine studies have evaluated the relationship between dyspnea and weaning out-
come. Dyspnea was measured during a SBT [23, 27–29, 34, 39, 40] or not [2, 41]. 
Among these studies, a significant association was observed between dyspnea and 
SBT failure [27, 29, 34], extubation failure [28, 41], and time from SBT to success-
ful extubation [2, 23]. Whether dyspnea is the cause of weaning failure or simply an 
indicator of weaning failure remains unknown.

15.4.3  Association Between Dyspnea and Mortality

Although dyspnea is strongly and independently associated with mortality in vari-
ous populations [42], the association between dyspnea and mortality in patients 
receiving invasive mechanical ventilation remains unclear [2, 3, 23]. Of note, in 
patients receiving non-invasive ventilation for the treatment of acute respiratory 
failure, the persistence of dyspnea after the first non-invasive ventilation session 
was independently associated with mortality [43].

15.4.4  Delayed Psychological Consequences, Post-traumatic 
Stress Disorder

Within the months following an ICU stay, PTSD affects approximately 15% of 
patients. Mechanical ventilation seems to play an important role in the pathogenesis 
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of PTSD, since PTSD is associated with the duration of mechanical ventilation [44], 
the length of ICU stay [45], and the recall and repetition of experiencing traumatic 
events, including dyspnea, while being ventilated [17, 38]. In a prospective multi-
center study on 612 patients receiving invasive mechanical ventilation, among the 153 
patients interviewed on day 90 after ICU discharge, the proportion of patients with 
probable PTSD was higher among patients who self-reported dyspnea (at first awak-
ening) than among those who did not report dyspnea (29% vs. 13%, p = 0.017). The 
cumulative incidence of dyspnea (number of episodes of dyspnea between inclusion 
and the end of mechanical ventilation) and the density of dyspnea (cumulative inci-
dence of dyspnea divided by the number of days from inclusion to the end of invasive 
mechanical ventilation) were independently associated with probable PTSD [3]. It is 
not surprising to see such an association between dyspnea and trauma, since dyspnea 
during invasive mechanical ventilation shares at least three common circumstances 
observed during trauma [46], which are: (1) intense fear of dying as discussed above; 
(2) unpredictability; “The breathlessness may come to me at any time”, “Sometimes, 
I had a feeling that it was coming, but, most of the time it was unpredictable” [47]; and 
(3) powerlessness/lack of control since patients cannot escape from or modulate the 
source of dyspnea (the ventilator) and are frequently unable to communicate their suf-
fering to their stakeholders—“I had the feeling that I was trapped” [48].

In light of these data, addressing dyspnea in patients receiving invasive mechani-
cal ventilation should be an important aspect of routine practice. However, to be 
addressed, dyspnea must be detected and measured.

15.5  Underestimation of Dyspnea in Patients Receiving 
Invasive Mechanical Ventilation

15.5.1  Patients Are Not Asked

There are a number of data suggesting that patients receiving invasive mechanical 
ventilation are not routinely asked about their dyspnea. First, compared with pain, 
the lack of guidelines and the small number of publications on dyspnea in patients 
receiving invasive mechanical ventilation explain the low level of academic and 
clinical interest in dyspnea. Second, very few centers report systematically assess-
ing dyspnea in patients [42]. Third, the main questionnaires on the perception of 
stressors by ICU patients, such as the Intensive Care Unit Environmental Stressor 
Scale or the Intensive Care Experience questionnaire, do not include assessment of 
dyspnea. Fourth, clinical trials that aimed to improve the comfort of patients receiv-
ing invasive mechanical ventilation did not include dyspnea relief among the vari-
ous interventions that were evaluated [49]. Fifth, there is no well-validated dyspnea 
observation scale, compared with the pain observation scale [26].

Patients receiving invasive mechanical ventilation cannot easily self-report their 
symptoms, which could be a reason why stakeholders do not search for dyspnea on 
a regular basis. However, the inability to communicate does not mean that patients 
do not actually experience dyspnea.
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15.5.2  Discrepancies Between Patient Self-Reporting 
and Stakeholders’ Observations

Unfortunately, stakeholders cannot reliably predict dyspnea in patients. Three stud-
ies in the ICU setting reported a serious discrepancy between the perception of 
dyspnea by the patient and the estimation of dyspnea by the stakeholder [23, 24, 
50]. In addition, when nurses were detecting dyspnea, it was not followed by a 
therapeutic intervention, whereas pain detection was often associated with opioid 
delivery [24].

15.6  Conclusion

There is an increasing body of data showing that dyspnea is one of the most com-
mon and distressing experiences in patients receiving invasive mechanical ventila-
tion. Worse than pain, the unquenchable thirst for air summons up an existential fear 
of dying, which, if repeated during the ICU stay, exposes patients to PTSD. The past 
two decades have seen a paradigm shift from ‘how best to mechanically assist a 
patient’s breathing’ to ‘how to avoid harm’. In this regard, prevailing lung- and 
diaphragm-protective ventilation (as well as reduced sedation strategies), likely to 
induce underassist, may have shifted the respiratory comfort goal of care into the 
background, and contributed significantly to dyspnea onset in a substantial propor-
tion of patients. The decision to increase ventilator assistance is challenging and 
should consider the time-point of the patient during the ICU (acute or recovering 
status) and the potential harmful effects of overassist. On the other hand, leaving a 
patient dyspneic despite the existence of simple and efficient means of relief (e.g., 
ventilator settings) raises an ethical care question. As with pain, dyspnea should be 
listed among the symptoms to be routinely assessed, and dyspnea self-reporting 
should be elicited from patients receiving invasive mechanical ventilation as soon as 
possible during the ICU stay. Further studies should determine the feasibility and 
efficacy of strategies designed to minimize dyspnea, ranging from improved venti-
lation strategies to pharmacological and non-pharmacological interventions.

References

1. Parshall MB, Schwartzstein RM, Adams L, et al. An official American Thoracic Society state-
ment: update on the mechanisms, assessment, and management of dyspnea. Am J Respir Crit 
Care Med. 2012;185:435–52.

2. Schmidt M, Demoule A, Polito A, et  al. Dyspnea in mechanically ventilated critically ill 
patients. Crit Care Med. 2011;39:2059–65.

3. Demoule A, Hajage D, Messika J, et  al. Prevalence, intensity and clinical impact of dys-
pnea in critically ill patients receiving invasive ventilation. Am J Respir Crit Care Med. 
2022;205:917–26.

4. Lansing RW, Gracely RH, Banzett RB.  The multiple dimensions of dyspnea: review and 
hypotheses. Respir Physiol Neurobiol. 2009;167:53–60.

M. Decavèle et al.



203

5. Vitacca M, Bianchi L, Zanotti E, et al. Assessment of physiologic variables and subjective 
comfort under different levels of pressure support ventilation. Chest. 2004;126:851–9.

6. Schmidt M, Kindler F, Gottfried SB, et al. Dyspnea and surface inspiratory electromyograms 
in mechanically ventilated patients. Intensive Care Med. 2013;39:1368–76.

7. Raux M, Navarro-Sune X, Wattiez N, et al. Adjusting ventilator settings to relieve dyspnoea 
modifies brain activity in critically ill patients: an electroencephalogram pilot study. Sci Rep. 
2019;9:16572.

8. Bureau C, Decavèle M, Campion S, et  al. Proportional assist ventilation relieves clinically 
significant dyspnea in critically ill ventilated patients. Ann Intensive Care. 2021;11:177.

9. Petrof BJ, Legaré M, Goldberg P, Milic-Emili J, Gottfried SB. Continuous positive airway 
pressure reduces work of breathing and dyspnea during weaning from mechanical ventilation 
in severe chronic obstructive pulmonary disease. Am Rev Respir Dis. 1990;141:281–9.

10. Vovk A, Binks AP. Raising end-expiratory volume relieves air hunger in mechanically venti-
lated healthy adults. J Appl Physiol. 2007;103:8.

11. Chiumello D, Pelosi P, Croci M, Bigatello LM, Gattinoni L. The effects of pressurization rate 
on breathing pattern, work of breathing, gas exchange and patient comfort in pressure support 
ventilation. Eur Respir J. 2001;18:107–14.

12. Manning HL, Molinary EJ, Leiter JC. Effect of inspiratory flow rate on respiratory sensation 
and pattern of breathing. Am J Respir Crit Care Med. 1995;151:751–7.

13. Volta CA, Alvisi V, Bertacchini S, et al. Acute effects of hyperoxemia on dyspnoea and respira-
tory variables during pressure support ventilation. Intensive Care Med. 2006;32:223–9.

14. Manning HL, Shea SA, Schwartzstein RM, Lansing RW, Brown R, Banzett RB.  Reduced 
tidal volume increases ‘air hunger’ at fixed PCO2 in ventilated quadriplegics. Respir Physiol. 
1992;90:19–30.

15. Pennock BE, Crawshaw L, Maher T, Price T, Kaplan PD. Distressful events in the ICU as per-
ceived by patients recovering from coronary artery bypass surgery. Heart Lung. 1994;23:323–7.

16. Rotondi AJ, Chelluri L, Sirio C, et  al. Patients’ recollections of stressful experiences 
while receiving prolonged mechanical ventilation in an intensive care unit. Crit Care Med. 
2002;30:746–52.

17. Samuelson KAM, Lundberg D, Fridlund B.  Stressful memories and psychological distress 
in adult mechanically ventilated intensive care patients  - a 2-month follow-up study. Acta 
Anaesthesiol Scand. 2007;51:671–8.

18. Khalaila R, Zbidat W, Anwar K, Bayya A, Linton DM, Sviri S. Communication difficulties 
and psychoemotional distress in patients receiving mechanical ventilation. Am J Crit Care. 
2011;20:470–9.

19. Bergbom-Engberg I, Haljamäe H. Assessment of patients’ experience of discomforts during 
respirator therapy. Crit Care Med. 1989;17:1068–72.

20. Powers J, Bennett SJ. Measurement of dyspnea in patients treated with mechanical ventilation. 
Am J Crit Care. 1999;8:254–61.

21. Li DT, Puntillo K. A pilot study on coexisting symptoms in intensive care patients. Appl Nurs 
Res. 2006;19:216–9.

22. Puntillo KA, Arai S, Cohen NH, et al. Symptoms experienced by intensive care unit patients at 
high risk of dying. Crit Care Med. 2010;38:2155–60.

23. Haugdahl HS, Storli SL, Meland B, Dybwik K, Romild U, Klepstad P. Underestimation of 
patient breathlessness by nurses and physicians during a spontaneous breathing trial. Am J 
Respir Crit Care Med. 2015;192:1440–8.

24. Gentzler ER, Derry H, Ouyang DJ, et al. Underdetection and undertreatment of dyspnea in 
critically ill patients. Am J Respir Crit Care Med. 2019;199:1377–84.

25. Nelson JE, Meier DE, Litke A, Natale DA, Siegel RE, Morrison RS. The symptom burden of 
chronic critical illness. Crit Care Med. 2004;32:1527–34.

26. Persichini R, Gay F, Schmidt M, et al. Diagnostic accuracy of respiratory distress observa-
tion scales as surrogates of dyspnea self-report in intensive care unit patients. Anesthesiology. 
2015;123:830–7.

15 Dyspnea in Patients Receiving Invasive Mechanical Ventilation



204

27. Chen Y-J, Hwang S-L, Li C-R, et al. Vagal withdrawal and psychological distress during ven-
tilator weaning and the related outcomes. J Psychosom Res. 2017;101:10–6.

28. Knebel AR, Janson-Bjerklie SL, Malley JD, Wilson AG, Marini JJ. Comparison of breath-
ing comfort during weaning with two ventilatory modes. Am J Respir Crit Care Med. 
1994;149:14–8.

29. Bureau C, Dres M, Morawiec E, et al. Dyspnea and the electromyographic activity of inspira-
tory muscles during weaning from mechanical ventilation. Ann Intensive Care. 2022;12:50.

30. Leung P, Jubran A, Tobin MJ. Comparison of assisted ventilator modes on triggering, patient 
effort, and dyspnea. Am J Respir Crit Care Med. 1997;155:1940–8.

31. Devlin JW, Skrobik Y, Gélinas C, et  al. Clinical practice guidelines for the prevention and 
management of pain, agitation/sedation, delirium, immobility, and sleep disruption in adult 
patients in the ICU. Crit Care Med. 2018;46:e825–73.

32. Banzett RB, Lansing RW, Brown R, et al. “Air hunger” from increased PCO2 persists after 
complete neuromuscular block in humans. Respir Physiol. 1990;81:1–17.

33. Decavèle M, Rivals I, Persichini R, et al. Prognostic value of the intensive care respiratory 
distress observation scale on ICU admission. Respir Care. 2022;67:823–32.

34. Stroetz RW, Hubmayr RD. Tidal volume maintenance during weaning with pressure support. 
Am J Respir Crit Care Med. 1995;152:1034–40.

35. Vitacca M, Ambrosino N, Clini E, et al. Physiological response to pressure support ventilation 
delivered before and after extubation in patients not capable of totally spontaneous autono-
mous breathing. Am J Respir Crit Care Med. 2001;164:638–41.

36. Thille AW, Cabello B, Galia F, Lyazidi A, Brochard L. Reduction of patient-ventilator asyn-
chrony by reducing tidal volume during pressure-support ventilation. Intensive Care Med. 
2008;34:1477–86.

37. Mols G, Vetter T, Haberthür C, Geiger K, Guttmann J.  Breathing pattern and percep-
tion at different levels of volume assist and pressure support in volunteers. Crit Care Med. 
2001;29:982–8.

38. Schelling G, Stoll C, Haller M, et al. Health-related quality of life and posttraumatic stress dis-
order in survivors of the acute respiratory distress syndrome. Crit Care Med. 1998;26:651–9.

39. Wysocki M, Cracco C, Teixeira A, et al. Reduced breathing variability as a predictor of unsuc-
cessful patient separation from mechanical ventilation. Crit Care Med. 2006;34:2076–83.

40. Twibell R, Siela D, Mahmoodi M. Subjective perceptions and physiological variables during 
weaning from mechanical ventilation. Am J Crit Care. 2003;12:101–12.

41. Moody LE, Lowry L, Yarandi H, Voss A.  Psychophysiologic predictors of weaning from 
mechanical ventilation in chronic bronchitis and emphysema. Clin Nurs Res. 1997;6:311–30, 
discussion 330–3.

42. Stevens JP, Dechen T, Schwartzstein RM, O’Donnell CR, Baker K, Banzett RB. Association of 
dyspnoea, mortality and resource use in hospitalised patients. Eur Respir J. 2021;58:1902107.

43. Dangers L, Montlahuc C, Kouatchet A, et al. Dyspnoea in patients receiving noninvasive ven-
tilation for acute respiratory failure: prevalence, risk factors and prognostic impact: a prospec-
tive observational study. Eur Respir J. 2018;52:1702637.

44. Cuthbertson BH, Hull A, Strachan M, Scott J. Post-traumatic stress disorder after critical ill-
ness requiring general intensive care. Intensive Care Med. 2004;30:450–5.

45. Davydow DS, Zatzick D, Hough CL, Katon WJ. A longitudinal investigation of posttraumatic 
stress and depressive symptoms over the course of the year following medical-surgical inten-
sive care unit admission. Gen Hosp Psychiatry. 2013;35:226–32.

46. Başoğlu M. Effective management of breathlessness: a review of potential human rights issues. 
Eur Respir J. 2017;49:1602099.

47. Shih FJ, Chu SH. Comparisons of American-Chinese and Taiwanese patients’ perceptions of 
dyspnea and helpful nursing actions during the intensive care unit transition from cardiac sur-
gery. Heart Lung. 1999;28:41–54.

M. Decavèle et al.



205

48. Iosifyan M, Schmidt M, Hurbault A, et al. “I had the feeling that I was trapped”: a bedside 
qualitative study of cognitive and affective attitudes toward noninvasive ventilation in patients 
with acute respiratory failure. Ann Intensive Care. 2019;9:134.

49. Kalfon P, Baumstarck K, Estagnasie P, et al. A tailored multicomponent program to reduce 
discomfort in critically ill patients: a cluster-randomized controlled trial. Intensive Care Med. 
2017;43:1829–40.

50. Binks AP, Desjardin S, Riker R. ICU clinicians underestimate breathing discomfort in venti-
lated subjects. Respir Care. 2017;62:150–5.

15 Dyspnea in Patients Receiving Invasive Mechanical Ventilation



207

16The Potential Risks of Pressure Support 
Ventilation

A. Proklou, V. Karageorgos, and K. Vaporidi

16.1  Introduction

Pressure support ventilation (PSV) is a mode of assisted ventilation in which all 
breaths are triggered by the patient and the ventilator, when triggered, provides a con-
stant level of pressure. PSV was first introduced in the early 1980s as a weaning mode. 
Nowadays, PSV is the most commonly used mode of assisted ventilation, not only 
during weaning, but also, increasingly, in the acute phase of critical illness [1]. Setting 
the ventilator in pressure support mode may appear to be easy, as selecting a level of 
support to achieve a tidal volume of about 6–8 ml/kg will often result in a stable 
breathing pattern, and arterial blood gasses within the target range. The aim in this 
chapter is to illustrate that, despite this apparent convenience, PSV conceals signifi-
cant risks.

16.2  Principles of Operation of Pressure Support Ventilation

In PSV, a pre-adjusted, fixed pressure is applied to each patient’s breathing effort 
that is recognized by the ventilator. To further understand how this mode of ventila-
tion actually works we will analyze it in three phases: triggering, pressurization, and 
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Fig. 16.1 Triggering, pressurization, and cycling-off phases during pressure support (PS) ventila-
tion. The blue line indicates the beginning of neural inspiration, and the blue shaded area the trig-
gering phase, which is followed by the pressurization phase (red shaded area). The beginning of 
the expiratory phase is signaled by the cycling-off criterion (green arrow) as a drop of flow to the 
user-set percentage of its peak value. Paw airway pressure, Pes esophageal pressure

cycling-off (Fig. 16.1). Triggering is the initial phase of the ventilatory cycle, when 
the patient’s breathing effort is detected by a pressure or flow sensor of the ventila-
tor. The change in pressure or flow that triggers the inspiration is termed trigger 
sensitivity, and is set by the operator. The response time of the sensor, that is the 
interval between the initiation of patient effort and the beginning of the pressuriza-
tion phase, is termed triggering delay; this response time varies between 50 and 
250 ms, and depends on the characteristics of the ventilator and the patient’s effort 
[2, 3]. It is important to acknowledge that a fraction varying between 1 and 10% of 
a patient’s effort is consumed for triggering [3], and it may be much greater in 
patients with dynamic hyperinflation [4].

During the pressurization phase, the preset pressure support is applied through-
out the mechanical inspiratory time. The ventilator, by a servo regulatory mecha-
nism, provides the inspiratory flow required to maintain the set level of pressure 
support, until the cycling-off criterion is met. During the pressurization phase, the 
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pressure available for inspiratory flow (V′) and volume (V) generation is the sum of 
the pressure generated by the patient’s muscles (Pmus) and the set level of pressure 
support provided by the ventilator (Pvent): Pmus + Pvent = V′ x R + V x E (where 
R and E are the resistance and elastance of the respiratory system respectively).

The pressurization phase is followed by the cycling-off phase, controlling the 
end of mechanical inspiration and beginning of expiration, and determined by 
cycling-off criteria. When the patient’s effort ends, muscle pressure becomes zero, 
leading to a decrease in inspiratory flow. The most commonly used cycling-off cri-
terion in PSV is the decrease in inspiratory flow to an operator-selected percentage 
of peak inspiratory flow (usually 25% of peak flow). Most ventilators include alter-
native cycling-off criteria for safety purposes, such as a decrease of inspiratory flow 
to an absolute value, usually between 2 and 6 l/min, an increase in pressure by 1–3 
cmH2O above the set level of pressure (usually caused by the abrupt relaxation of 
inspiratory muscles) [5], or a set duration of mechanical inspiratory time (Ti; usu-
ally greater than 2 s). The commonly used cycling-off criterion, that is the decrease 
in inspiratory flow to a fixed percentage of its peak value, results in a mechanical Ti 
that is dependent not only on the duration of the patient’s effort (neural Ti), but also 
on the magnitude of effort, the set level of pressure support, and the respiratory 
system mechanics, because all these variables affect peak inspiratory flow.

The tidal volume delivered in each breath assisted with PSV, as indicated by the 
equation of motion, is determined by the patient effort (Pmus), the set level of pres-
sure provided by the ventilator (Pvent), the inspiratory time (as determined by the 
cycling-off criterion), and the respiratory system mechanics. Two important aspects 
on how PSV affects tidal volume should be acknowledged. First, not all of a patient’s 
effort contributes to generation of inspiratory flow and tidal volume (Pmus in the 
equation of motion), but only the part that occurs during the mechanical Ti. The 
effort to trigger the ventilator, as well as any effort continued after the opening of the 
exhalation valve (in cases of premature cycling-off, detailed below) is wasted, and 
does not contribute to generation of tidal volume. Second, during PSV the ventilator 
provides a minimum tidal volume (VTmin) that is delivered without any patient effort 
(after triggering), and depends, similar to a pressure control mode, on the set level of 
inspiratory pressure, the Ti (determined by the cycling-off criterion), and the respira-
tory system mechanics (Fig. 16.2). The greater the level of pressure support and the 
lower the values of E and R (normal mechanics), the higher is the resulting VTmin. An 
increase above this VTmin, if the patient’s ventilatory demands increase, can be 
achieved solely by an increase in patient effort. The magnitude of increase in tidal 
volume (above VTmin) depends on the patient’s effort and respiratory system mechan-
ics. A decrease in patient effort, in response to decreased ventilatory demands, as 
long as it triggers the ventilator, will not decrease tidal volume below the VTmin.

16 The Potential Risks of Pressure Support Ventilation
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Fig. 16.2 Minimum tidal volume (VTmin): The shaded area highlights a weak inspiratory effort, 
ending just 0.3 s after the initiation of the pressurization phase, which creates a sufficient flow due 
to the high pressure support level (14 cmH2O), and resulting long mechanical inspiratory time (Ti), 
to achieve a tidal volume of 530 ml. This 530 ml is, in this case, the VTmin, delivered with almost no 
patient effort during pressure support ventilation. Paw airway pressure, Pes esophageal pressure

16.3  Respiratory Drive, Rate and Effort During Pressure 
Support Ventilation

Respiratory drive is defined as the intensity of the output by the respiratory centers 
which determines the effort per breath. The respiratory center output is shaped after 
the integration of signals from central and peripheral chemoreceptors, sensing 
changes in arterial blood gases, but also from stretch and irritant receptors in the 
lungs, and from several cortical afferents, modulating ventilation in response to 
sensory stimuli. In critically ill patients receiving mechanical ventilation, the chem-
ical feedback (regulation of arterial CO2, PaCO2) is a main determinant of respira-
tory drive. The eupneic PaCO2, that is the PaCO2 at steady state ‘desired’ by the 
respiratory center, is determined by the intersection of two curves: the metabolic 
hyperbola and the CO2-response curve (Fig.  16.3). The metabolic hyperbola 
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Fig. 16.3 Graphical representation of the metabolic hyperbola (red) and the CO2-response curve 
(blue). Their intercept indicates the steady-state PaCO2, while the x-intercept of the CO2-response 
curve indicates the apneic threshold. VT tidal volume, VE minute ventilation

describes PaCO2 as a function of minute ventilation (VE), while the CO2-response 
curve describes VE as a function of PaCO2. The CO2-response curve is linear (over 
the clinically relevant range) and is characterized by its slope and x-intercept. The 
slope, described as ‘chemosensitivity’, is affected by PaO2, pH, and sedation. The 
x-intercept, is referred to as ‘apneic threshold’, the PaCO2 level below which apnea 
occurs, and is normally present only during sleep (or sedation). In awake individu-
als below the resting PaCO2, the slope of the CO2-response curve becomes almost 
horizontal at a minimum level of ventilation, maintained despite hypocapnia (known 
as wakefulness drive to breathe). Similarly to chemosensitivity, the apneic threshold 
and minimum ventilation vary among individuals, and are affected by PaO2, pH, 
and sedation. A change in PaCO2 triggers a change in ventilation that tends to return 
the PaCO2 levels to the steady state.

Normally the changes in ventilation are primarily achieved through changes in 
effort and thus tidal volume, and to a lesser extent by changes in breathing fre-
quency. Nonetheless, in the presence of an increase in ventilatory demands, when 
further increase in tidal volume is limited, such as when respiratory system compli-
ance is decreased (e.g., near total lung capacity), or in the presence of inspiratory 
muscle weakness, breathing frequency may increase disproportionately to tidal vol-
ume. Importantly, when ventilatory demands decrease, respiratory rate changes 
only minimally (10–20%), contrary to a much greater change in effort per breath 
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[6–8]. Several risks associated with the use of PSV are linked to this ‘insensitivity’ 
of respiratory rate to decreasing ventilatory demands.

Assisted ventilation using PSV affects the ventilatory responses and thus modi-
fies the patient’s respiratory drive and effort (Fig. 16.3). The increase in tidal vol-
ume and thus minute ventilation for a given patient effort by pressure support 
decreases PaCO2. A patient with respiratory failure and distress may be relieved by 
this decrease in PaCO2. Yet, if the level of pressure support is such that the increase 
in ventilation decreases PaCO2 more than that desired by the respiratory centers 
(due to the insensitivity of respiratory rate to decreasing demands), the patient’s 
effort will decrease, and if PaCO2 decreases below the apneic threshold, the patient 
will develop apneas and periodic breathing.

16.4  Patient-Ventilator Interaction During Pressure 
Support Ventilation

Optimizing patient-ventilator interaction aiming to achieve the goals of lung- and 
diaphragm-protective ventilation can be challenging during PSV due to the inherent 
limitations of the mode. Understanding the potential risks of sub-optimal patient- 
ventilator interaction during PSV can facilitate prompt recognition and management.

16.4.1  Risk of Periodic Breathing

Periodic breathing includes a spectrum of respiratory patterns with the common 
feature of repeated ventilatory oscillations of central apneas/hypopneas with alter-
nating periods of deeper and faster breaths [9]. First described by Cheyne and 
Stokes in the nineteenth century in patients with heart failure, periodic breathing has 
been described in neonates, at high altitude, in patients with pulmonary hyperten-
sion, and in patients on mechanical ventilation. The common pathogenic mecha-
nism in all these conditions is destabilization of the control-of-breathing system. 
PSV can induce periodic breathing even in healthy subjects [10]. Relatively high 
levels of pressure support may decrease PaCO2 below that desired by the respiratory 
center, or even below the apneic threshold, resulting in a decrease in inspiratory 
effort (hypopnea) or central apnea [10]. Apnea (or hypopnea) will result in an 
increase in PaCO2 and recurrence of respiratory effort. Patients with predisposing 
factors for periodic breathing, such as heart failure, are more prone to the occur-
rence of periodic breathing during mechanical ventilation [11]. Characteristic ven-
tilator waveforms in cases of periodic breathing are shown in Fig. 16.4. Periodic 
breathing adversely affects the cardiovascular system and disrupts patients’ sleep 
[9]. Additionally, if not promptly recognized, central apneas may be considered an 
indication for controlled mechanical ventilation, thereby unduly delaying the wean-
ing process. The management of periodic breathing phenomena during PSV is rela-
tively easy once recognized, as all that is required is a reduction in the level of 
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Fig. 16.4 Episodes of periodic breathing in two patients during pressure support ventilation. The 
purple arrows indicate auto-triggered breaths obscuring the identification of apneas in this patient. 
The thin blue line indicates esophageal pressure (Pes) baseline in both recordings. Paw airway 
pressure

support. At the same time, careful titration and early discontinuation of sedative 
medications may reduce the likelihood of periodic breathing in critically ill patients.

16.4.2  Risk of Diaphragm Weakness

Diaphragm disuse atrophy was initially described in patients ventilated in controlled 
modes [12]. Yet, subsequent studies revealed that not just absent but also weak 
inspiratory efforts, as may occur with high levels of pressure support, can result in 
diaphragm atrophy [13], and that the mere triggering of the ventilator does not suf-
fice to prevent diaphragm atrophy [14]. Decrease in diaphragmatic contractility has 
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been associated with increased ventilatory assist [15], while an ultrasound study 
showed a linear relationship between the rate of development of diaphragmatic atro-
phy and the level of assist under PSV [16]. Indeed, PSV may turn into a synchro-
nized pressure control mode when the level of support is quite high and VTmin 
suffices to maintain PaCO2 within target range. Studies have shown that overestima-
tion of the needed level of pressure support and excessive unloading of the dia-
phragm occurs frequently (Fig.  16.2) [14]. The lack of clinical signs to identify 
over-assist and routine measurements of inspiratory effort likely contribute to this 
result. Diaphragmatic weakness is associated with prolonged mechanical ventila-
tion and intensive care unit (ICU) stay, and development of complications [17]. To 
minimize the risk of diaphragmatic weakness, frequent titration of the level of sup-
port is mandated. Identification of the instantaneous needs of the patient and appli-
cation of the lowest allowable pressure support level (to avoid distress) is the best 
approach in preventing diaphragmatic atrophy.

16.4.3  Risk of Ineffective Efforts

Ineffective effort, defined as an inspiratory effort unable to trigger a ventilator- 
delivered breath, is the most common form of asynchrony observed during assisted 
ventilation, particularly during PSV [18, 19]. Ineffective efforts occur frequently 
and in clusters, particularly in patients with prolonged weaning, and are associated 
with prolonged mechanical ventilation and increased hospital mortality [20, 21]. 
Weak inspiratory efforts, as a result of low respiratory drive or respiratory muscle 
weakness, and presence of intrinsic positive end-expiratory pressure (PEEPi) are 
the main causes of ineffective efforts. PSV may promote both weak inspiratory 
efforts and PEEPi through different mechanisms.

PEEPi refers to the positive elastic recoil pressure at the beginning of inspiration 
as a result of dynamic hyperinflation. In the presence of dynamic hyperinflation, the 
patient’s effort can trigger the ventilator only after overcoming PEEPi. Patients with 
obstructive lung diseases and high time constants (increased resistance and compli-
ance), may develop dynamic hyperinflation and ineffective efforts, not only when 
high levels of support are used, but even when pressure support is titrated to a tidal 
volume within the normal range [20, 21]. Prolongation of mechanical Ti when the 
default cycling-off criterion is used, as a result of the slow decrease in inspiratory 
flow due to increased resistance, can lead to increased tidal volume.

Weak inspiratory efforts occur as a result of weak respiratory muscles, caused by 
diaphragm weakness, as detailed above, or low respiratory drive, caused by a rela-
tively low level of PaCO2 due to excessive pressure support [18, 22]. The lack of 
clinical signs of excessive support, as opposed to the conspicuous symptoms of 
insufficient support, often prompt the caregivers to increase the level of pressure 
support, and, when a patient’s ventilatory demands decrease, this level of support 
decreases PaCO2 below the level desired by the respiratory centers, leading to weak, 
potentially ineffective inspiratory efforts. In the presence of sedation or metabolic 
alkalosis which decrease chemosensitivity and thus respiratory drive, the PaCO2 
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level desired by the brain may be much higher than normal. In such cases, a level of 
pressure support titrated to normal tidal volume and low-normal PaCO2 
(36–40 mmHg), may promote weak inspiratory efforts and ineffective efforts [22].

Recognition and management of ineffective efforts is important. During an inef-
fective effort, the diaphragm is subject to eccentric contraction, which may promote 
further injury [23]. Ineffective efforts can be observed during either mechanical 
inspiration or expiration, and can be recognized by careful inspection of the ventila-
tor waveforms. A distortion in the airway pressure (Paw) and an abrupt increase in 
inspiratory flow and decrease in expiratory flow are indicative of ineffective efforts 
during mechanical inspiratory or expiratory phases, respectively (Fig.  16.5a). 
Prevention and management of ineffective efforts includes frequent trials of reduc-
tion of the level of pressure support, correction of metabolic alkalosis, interruption 
of sedation, and use of external PEEP to overcome PEEPi in patients with dynamic 
hyperinflation.

16.4.4  Risk of Expiratory Asynchrony

Ideally, during assisted mechanical ventilation, mechanical and neural inspiratory 
times are matched and the cycling-off occurs at the end of the patient’s inspiratory 
effort [24]. As detailed above, the determinants of the mechanical Ti in PSV include, 
apart from the patient’s effort (Pmus, directly linked to the neural Ti), the level of 
pressure support, the cycling-off percentage (set by the operator), and the respira-
tory system mechanics. Therefore, because mechanical Ti in PSV is modified by 
several other variables, independent of neural Ti, there is significant risk for expira-
tory asynchronies due to premature or delayed cycling-off.

When the neural Ti is shorter than the mechanical Ti, inspiratory muscle contrac-
tion stops well before the end of ventilator insufflation, so the cycling-off is delayed. 
Delayed cycling-off occurs in patients with high time constant (obstructive lung 
diseases), high levels of pressure support, and brief/weak inspiratory efforts [24, 
25]. Delayed cycling-off, particularly in the presence of increased airway resis-
tance, results in prolongation of inspiratory time and increase in the delivered tidal 
volume, which may promote dynamic hyperinflation and PEEPi, and thus delayed 
or ineffective triggering [25]. Delayed cycling-off can be recognized by the shape of 
the inspiratory flow waveform: after the relaxation of the inspiratory muscles before 
the end of the mechanical inspiration, the flow waveform changes from curved to 
linear decay, similar to the one observed with passive ventilation [25] (Fig. 16.5a). 
Management of this type of asynchrony includes general measures targeting elimi-
nation of dynamic hyperinflation and increased airway resistance, simultaneously 
with decreasing of the assist level, and increasing the flow threshold of cycling-off.

When the neural Ti is longer than the mechanical Ti, the exhalation valve of the 
ventilator opens prematurely, and inspiratory muscle contraction continues after the 
end of ventilator insufflation (Fig. 16.5b) [25]. Premature cycling-off is mainly pro-
moted by a low level of assist, a short time constant, and/or a relatively high thresh-
old for cycling-off, all resulting in a short inflation time. Patients with short time 
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Fig. 16.5 Expiratory asynchronies and ineffective efforts. Purple arrows on the esophageal pres-
sure (Pes) waveform (a) show three ineffective efforts, which can be recognized also by the distor-
tion in flow and airway pressure (Paw) waveforms. The blue shaded area highlights the neural 
inspiratory time (Ti), which in the upper panel (a) is much shorter than the mechanical Ti, while in 
the lower panel (b) is longer than the mechanical Ti

constants of the respiratory system and/or high respiratory drive, such as those with 
acute respiratory distress syndrome (ARDS), are prone to premature cycling-off and 
double triggering [22, 26]. As inspiratory muscles continue to contract after the end 
of mechanical inspiration, premature cycling-off can be recognized by the presence 
of low or even absent inspiratory flow after opening of the exhalation valve. 
Moreover, a peak in the expiratory flow waveform after a sharp drop that lasts a few 
milliseconds and then a gradual decrease to zero toward the end of expiration is 
strongly indicative of premature cycling-off. Double triggering occurs whenever the 
inspiratory muscle contraction is adequate enough to overcome the elastic recoil 
pressure of the respiratory system and a new triggering process can be initiated with 
a second mechanical breath before full deflation of the first one [25]. Opening of the 
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exhalation valve during the ongoing diaphragmatic contraction results in a poten-
tially injurious eccentric contraction of the diaphragm. Double triggering results in 
unpredictably high tidal volume, which increases the risk of ventilator-induced lung 
injury (VILI) [27]. Premature cycling-off and double triggering during PSV can be 
managed by addressing both the mechanical Ti and the patient’s high respiratory 
drive. An increase in the mechanical Ti can be achieved by lowering the flow thresh-
old for cycling-off, increasing the level of support and the rising time [25]. The 
management of high respiratory drive includes interventions targeting underlying 
diseases, such as pulmonary edema or sepsis, and metabolic acidosis, pain and 
delirium, as well as sedation, until the resolution of the disease process. Opioids 
should be titrated cautiously to avoid the opioid-induced prolongation of neural Ti.

16.4.5  Risk of Lung Injury

Increasing appreciation of the risk of diaphragm disuse atrophy associated with pas-
sive mechanical ventilation has prompted clinicians to use assisted modes of venti-
lation, such as PSV, early in the course of critical illness [1]. The early phase of 
critical illness, when the disease process is not yet resolved, is often characterized 
by metabolic acidosis due to shock and acute kidney injury, impaired lung compli-
ance due to lung inflammation and high permeability pulmonary edema, but pre-
served respiratory muscle strength. In this clinical setting, patients may exhibit high 
respiratory drive and strong inspiratory efforts. Strong inspiratory efforts in patients 
with low lung compliance may lead to high tidal volumes, injurious high lung dis-
tending pressures, and lung injury through overdistention of alveoli and cyclic 
recruitment of collapsed lung areas [22, 28]. Negative pressure-induced pulmonary 
edema [29] and diaphragm fiber injury [30] may also occur as a result of strenuous 
efforts.

Normally the control of breathing system prevents lung over-stretch by reflex 
mechanisms limiting inspiratory time (Hering-Breuer reflex), and by progressively 
decreasing the ability of inspiratory muscles to generate pressure at increasing lung 
volumes, due to the change in the force–length relationship of flattened diaphragm, 
and decrease in respiratory system compliance [31]. During assisted ventilation 
with PSV, these protective mechanisms may be overridden. Mechanical Ti, as 
detailed above, is only partially dependent on neural Ti, so the Hering-Breuer reflex 
has minimal effects on tidal volume. Moreover, the decrease in inspiratory effort 
will not affect the delivery of the VTmin, which, if pressure support is high, as often 
needed to match patient’s high respiratory drive, may be quite substantial. 
Additionally, severe metabolic acidosis and decreased lung compliance can over-
whelm these lung-protective reflexes [32, 33]. Thus, monitoring for potentially inju-
rious lung stress is essential in this clinical setting. Theoretically, monitoring of the 
driving pressure (ΔP) during PSV, similarly to passive ventilation [23, 34], could 
help identify injurious high tidal volume and facilitate lung-protective ventilation. 
Nonetheless, accurate measurement of ΔP requires passive conditions, which are 
not present during assisted ventilation. Additionally, during PSV the end of the 
mechanical Ti does not coincide with the end of neural Ti, so inspiratory muscle 
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activity may still be present during the pause, making the measurement invalid. 
Moreover, expiratory muscle contraction may occur, falsely increasing the mea-
sured plateau pressure. It has been shown that the mere inspection of the airway 
pressure waveform cannot accurately exclude the presence of respiratory muscle 
activity during the pause [35].

The risk for high distending pressures can be assessed indirectly through indica-
tors of respiratory drive and effort, such as P0.1 and Pocc [36, 37], although optimal 
thresholds remain to be determined [38]. Patients at high risk for injurious transpul-
monary pressures, such as those with low compliance [33] or high ventilatory 
demands [39], could be monitored closely, possibly using esophageal pressure to 
directly measure inspiratory efforts and lung distending pressures.

16.5  Conclusion

The development of PSV signified a major improvement from controlled modes in 
terms of patient-ventilator interactions in spontaneously breathing patients. Now, 40 
years later, we have ‘raised the bar’ for PSV, and aim to provide lung- and diaphragm- 
protective ventilation. Acknowledging the potential risks of PSV, such as weak 
inspiratory efforts and diaphragm atrophy, ineffective efforts and periodic breath-
ing, or high distending pressures and risk of lung injury, and the clinical setting in 
which these problems may arise, can help physicians promptly recognize and 
address them, by close monitoring and titration of pressure support.
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17Advancing Sedation Strategies 
to Improve Clinical Outcomes 
in Ventilated Critically Ill Patients

Y. Shehabi, W. Al-Bassam, and D. Antognini

17.1  Introduction

Sedation strategies for critically ill patients receiving mechanical ventilation have 
radically evolved over the past 20 years. The Clinical Practice Guidelines from the 
Society of Critical Care Medicine of 2002, 2013, and 2018 witnessed a major transi-
tion from sustained sedation to an analgesia first and light sedation paradigm to 
recommendations to avoid benzodiazepines in favor of propofol and dexmedetomi-
dine [1–3]. Over the last 2 years, the coronavirus disease 2019 (COVID-19) pan-
demic created a set of new realities and challenges in the provision of sedation to 
hundreds of thousands of ventilated patients with severe pneumonia and hypoxemia 
[4, 5]. For the bedside caregivers, the clock rapidly turned back in time and sus-
tained deep sedation with benzodiazepines and high dose opiates became normal 
practice [5]. In a cohort of ventilated patients in 64 intensive care units (ICUs), 64% 
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received benzodiazepine infusions for a median of 7 days, with a median Richmond 
Agitation-Sedation Scale RASS [6] score of −4 (responsive only to painful stimuli) 
while ventilated, 80% of patients were in a coma for >10 days, and 55% suffered 
delirium for >3 days [7].

The above observations, albeit thought-provoking, should not incite frustration 
but rather invite a rethink of the currently recommended strategies and the evidence 
behind current practice guideline recommendations for sedation of critically ill 
patients treated with mechanical ventilation.

The 2018 clinical practice guidelines for the prevention and management of pain, 
agitation/sedation, delirium, immobility, and sleep disruption (PADIS) in adult 
patients in the ICU [3] uncovered a dearth of high level evidence to inform sedation 
strategies in critically ill patients. They highlighted the considerable reliance on 
observational data and trials with high risk of bias in the absence of definitive high 
quality randomized clinical trials. Many of these studies, despite their flaws, induced 
a paradigm shift in the practice of sedation and shaped contemporary thinking of 
sedation strategies and research priorities.

Understanding the limitations of these studies and the evolution in practice over 
the last 20 years is imperative to advance modern sedation strategies to improve 
clinically relevant patient-centered outcomes. Many of these studies were observa-
tional cohorts, single center, conducted many years ago, compared sedation prac-
tices with outdated sedatives in selected populations, and did not report long-term 
patient-centered outcomes [8–14]. Furthermore, these studies formed the corner-
stone of different sedation paradigms and frameworks [15, 16].

In this chapter, we examine the evidence behind current recommended strategies 
for sedation, such as sedative interruption, light sedation, no sedation or analgo- 
sedation, and early mobilization. We also evaluate the evidence behind current strat-
egies for delirium management. We provide suggestions, supported by the best 
available evidence, for targeted strategies in different populations of ventilated criti-
cally ill patients to improve patient-centered clinical outcomes, such as mortality, 
ventilation duration, and delirium.

17.2  Evolution of Sedation Strategies 
and Evidence Evaluation

17.2.1  Daily Sedative Interruption

One of the early trials to highlight potential problems, such as longer ventilation 
duration and ICU and hospital stays, with continuous intravenous sedation was a 
single center observational trial in 1998 [17]. These findings were confirmed in a 
randomized trial in 1999 at the same center [18]. In these two studies, lorazepam, 
fentanyl, and morphine were the dominant sedative and analgesic agents. In a land-
mark trial in 2000, the concept of “daily wake up” was promoted by Kress et al., who 
reported shorter ventilation duration and ICU stay with this approach [8]. Major 
study limitations included the single center open label design, small sample size, 
enrollment after 48 h of sedative infusion, and the use of midazolam and morphine 
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as the primary sedative and analgesic combination, thus reducing the internal and 
external validity of the results. The accumulation of benzodiazepines, morphine, and 
their active metabolites [19] following continuous infusions in critically ill patients 
was likely the main reason for these findings. Alternative sedatives, to overcome the 
negative kinetic profile of benzodiazepines and associated adverse effects, such as 
propofol and dexmedetomidine, were not yet widely available or used.

In concert, the above studies promoted a healthy awareness of adverse events 
associated with sustained sedation, which led to recommendations to monitor seda-
tion level and lessen sedative load with daily sedative interruption in the 2002 clini-
cal practice guidelines [1, 20].

A sedative interruption and spontaneous breathing trial of 336 patients conducted 
in four ICUs showed a significant increase in the primary outcome of ventilator-free 
days at day 28, a reduction in ICU stay and 1 year mortality, but not in 28-day mor-
tality [11]. In addition to the limitations, including late enrollment (median 2.2 days), 
non-comparable sedation level (the control group had longer coma and deep seda-
tion), and unexplainable late mortality, the results of this trial have never been rep-
licated with contemporary sedation practice.

Subsequent trials using daily sedative interruption revealed inconsistent results 
[21, 22]. A sedation protocol incorporating sedative interruption in a pilot trial in 
Australian and New Zealand ICUs failed to replicate the benefits seen with sedation 
interruption [23]. A meta-analysis conducted in 2011 highlighted the absence of 
adequate evidence for the universal adoption of sedative interruption with a non- 
significant pooled estimate for mortality and ventilation time [24]. In a pivotal ade-
quately powered, multicenter randomized trial by Mehta et  al. in 2012, sedative 
interruption did not shorten ventilation time or ICU stay despite the use of mid-
azolam and fentanyl as the primary sedative analgesic agents [25].

These findings suggest that sedation interruption may not be as critical to seda-
tion outcomes in contemporary sedation practice, especially with the use of shorter 
acting sedative agents.

17.2.2  Light Sedation

Given the recognition of possible adverse events associated with sustained sedation, 
albeit with circumstantial evidence, light sedation became a recommended sedation 
strategy in multiple clinical practice sedation guidelines [3, 26, 27].

There are, however, important aspects of sedation depth that should be consid-
ered. First, most sedation trials did not report sedation practice or depth in the criti-
cal and acute early phase of critical illness, specifically in the first 48–72 h following 
commencement of mechanical ventilation. The trials that reported early sedation 
depth, even when light sedation was mandated and protocolized, showed that a high 
proportion of patients are deeply sedated for 2–4  days following initiation of 
mechanical ventilation [28–30] (Fig. 17.1). This important observation implies that 
clinicians believe that deep sedation in the acute phase of critical illness is neces-
sary. Second, observational data reporting the independent association of early deep 
sedation with mortality [12, 31, 32] is, therefore, subject to selection bias. Thus, the 
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Fig. 17.1 Proportion of patients or Richmond Agitation-Sedation Scale (RASS) in target light 
sedation. Trials that recorded early sedation depth in the first 1–3 days of mechanical ventilation 
showing a consistently low proportion of patients or RASS [6] categories within light sedation 
target for the first few days following initiation of mechanical ventilation. Sedation target in SPICE 
III [30] was RASS −2 to +1, Brazil Obs [29] was RASS −3 and above, and in the ROSE trial [28] 
was a RASS of −1 to +1

interpretation of observational data must be filled with caution. Third, there are few 
[13, 14] randomized clinical trials that have compared light vs. deep sedation in 
critically ill patients. These trials shared significant limitations including small sam-
ple size, selected homogeneous populations, and short-term outcomes, thus provid-
ing very weak evidence to endorse light sedation. Finally, despite all the above, 
sedation opinion leaders, guideline writers and, to a lesser extent, mainstream ICU 
clinicians continue to promote a light sedation strategy, because of the belief that it 
is always beneficial for most patients, ignoring proven clinical behavior to the con-
trary in the first 2–4 days of critical illness.

It is highly likely that deep sedation mediates significant harm if prolonged and 
therefore should be avoided [33]. It is, however, plausible, and acceptable, that 
short, timely and reversible deeper sedation to facilitate life-saving therapeutic 
interventions, is both safe and justified.

17.2.3  No Sedation or Analgo-Sedation

Following the theme that light sedation should always be targeted in all patients, the 
concept of not using any sedatives at all was tested in Denmark. The strategy of “no 
sedation” essentially replaced sedative agents with morphine and supplemental 
haloperidol, in essence using an analgo-sedation strategy. In a single center, open 
label pilot trial, a protocol of no sedation delivered more days without ventilation, 
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and shorter ICU and hospital stays compared with a standard sedation protocol 
including sedative interruption [9]. The small sample size, the addition of mid-
azolam at 48 h post-randomization in the standard care group, and the exclusion of 
patients who either died or were extubated within 48  h are among many of the 
acknowledged limitations. Despite such limitations, the “no sedation” concept 
gained popularity, particularly, in Scandinavian ICUs.

A pivotal multicenter trial led by Olsen et al., evaluated the “no sedation” protocol 
in mainly Danish ICUs and failed to replicate the results of the single center pilot with 
no benefits on either the primary or any of the secondary outcomes [34]. Despite the 
limited power for the primary outcome of 90-day mortality, a non- significant 5.4% 
increase in mortality was observed in the no sedation group. Furthermore, the no seda-
tion group had more agitation, self-extubation, and device removals [34]. These 
results highlight the importance of adequately powered and well-designed random-
ized trials to validate the results of single center studies with multiple limitations.

17.2.4  Early Mobilization

In an observational cohort, Bailey et al. demonstrated the potential feasibility and 
safety of early physical activity in patients who were receiving mechanical ventila-
tion for more than 4 days, with less than 1% related adverse events [35]. The impact 
of early physical and occupational therapy in ventilated critically ill patients was 
evaluated by Schweickert et al., who reported a greater return to independent func-
tional status at hospital discharge, shorter duration of delirium, and more ventilator- 
free days, when compared with standard care [10]. This trial, however, was in two 
affiliated ICUs with a small sample size and included patients 72 h following the 
initiation of mechanical ventilation in the ICU.

Early goal-directed mobilization in surgical ICU patients was evaluated in a mul-
ticenter randomized controlled trial of 200 patients who were ventilated for less 
than 48 h [36]. The study showed improvement in the primary outcome of surgical 
mobility score and secondary outcome of functional independence at hospital dis-
charge. Although not powered for mortality, the trial observed a non-significant 
increase in mortality with the intervention.

Systematic reviews and meta-analyses showed substantial heterogeneity amongst 
the included randomized controlled trials. While early mobilization appears to 
reduce ICU-acquired weakness and increase ventilator free days and functional 
independence, it seems to be associated with a non-significant increase in mortality 
and increase in adverse events [37, 38]. These findings highlight the urgent need for 
well-designed multicenter randomized trials to evaluate the safety and efficacy of 
early mobilization in critically ill surgical and medical patients before wide adop-
tion in clinical practice and recommendation in practice guidelines.

A noticeable feature of the above strategies was the sedative agnostic nature of 
these clinical trials. The evaluation of these strategies occurred in an era when ben-
zodiazepines, lorazepam, and midazolam were the most commonly used sedatives. 
Alternative sedatives such as propofol and dexmedetomidine were not widely used 
in clinical practice (Table 17.1).
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17.3  Comparative Trials of Commonly Used Sedatives

The introduction of propofol and dexmedetomidine as potential alternative seda-
tives to benzodiazepines in ventilated ICU patients [42, 43] and the recognition of 
delirium as a major morbidity in ICU patients [44], triggered a cascade of compara-
tive trials of these sedatives.

Although these trials were mostly sponsored and for registration purposes with 
different regulatory agencies, they have added substantially to the body of knowl-
edge and the practice of sedation. In a double-blind randomized controlled trial 
conducted in 106 adults ventilated >24 h in two ICUs, dexmedetomidine signifi-
cantly increased number of days alive and free of coma and delirium, with treated 
patients spending more time in target sedation compared with lorazepam [39]. This 
was followed by the global SEDCOM multicenter double-blind randomized con-
trolled trial comparing midazolam and dexmedetomidine in 375 adults ventilated 
for >24 h [45]. Dexmedetomidine treatment reduced the prevalence of delirium and 
shortened time to extubation but was more likely to cause bradycardia. Two parallel 
non-inferiority double-blind randomized controlled trials compared propofol with 
dexmedetomidine (n = 247 vs. 251) and midazolam with dexmedetomidine (n = 251 
vs. 249) in adults ventilated for >24  h [46]. These trials, conducted in Europe, 
showed that dexmedetomidine shortened ventilation time when compared with 
midazolam but not propofol and treated patients were more interactive when com-
pared with either midazolam or propofol. However, more adverse events, such as 
bradycardia and hypotension, were observed with dexmedetomidine treatment.

While these trials were double-blind and multicenter, they were not powered for 
mortality and the sample sizes did not allow meaningful subgroup analysis or het-
erogeneity of treatment effect evaluation. Nonetheless, in concert, these trials led to 
a conditional recommendation of the use dexmedetomidine and propofol as the pre-
ferred sedatives, over benzodiazepines, in patients needing mechanical ventilation 
in the ICU [3].

The evidence for clinical practice guideline recommendations remains weak 
despite the above trials and the progress made over the last 20  years. Sedative 
administration in ICU patients receiving mechanical ventilation is a ubiquitous 
intervention, like fluids and antibiotics. While large scale trials evaluating common 
ICU interventions have been conducted [47, 48], similar trials evaluating the impact 
of different sedatives in ventilated critically ill patients remained lacking until 
recently [30].

17.4  Sedation Practice in Intensive Care Evaluation, 
the SPICE-III Trial

The 2018 PADIS clinical practice guidelines issued a weak conditional recommen-
dation for the use of dexmedetomidine and propofol as the preferred sedatives for 
ventilated critically ill patients [3]. The recommendation uncovered a significant 
evidence gap in many areas of sedation related practices and outcomes.
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The SPICE-III trial [30], was the first investigator initiated, large scale, multina-
tional randomized controlled trial in this field and addressed many limitations of 
previous studies. The SPICE-III trial had a sample size approximately ten times 
larger than any other sedation randomized controlled trial. Patients were random-
ized within a few hours of initiation of mechanical ventilation; thus, the trial cap-
tured the early phase of critical illness and ventilation, a unique feature in comparison 
with most other sedation randomized controlled trials. The trial was powered for 
90-day mortality and stratified for the presence of sepsis at randomization with six 
pre-specified subgroups including young vs. old patients dichotomized at the 
median age of the cohort. A high level of external and internal validity was reflected 
by the global nature of the trial and a high internal fidelity and minimal loss to fol-
low up. The trial was an open label design, comparing early dexmedetomidine use 
with usual care as dictated by treating clinicians.

While the primary outcome of 90-day mortality was comparable between early 
dexmedetomidine treatment and usual care, there was a modest increase in days 
alive free of coma and delirium, and ventilator-free days at day-28. In addition, 
early dexmedetomidine sedation was associated with more bradycardia, episodes of 
asystole and hypotension.

The sample size, 4000 patients, and the study robustness as outlined above, 
allowed further evaluation of many aspects of early sedation with dexmedetomidine 
and propofol, the most used sedative in the usual care arm, within the construct of a 
randomized trial, with direct implications for sedation practice and patient outcomes.

17.4.1  Early Sedation Depth in Ventilated Critically Ill Patients

Most previous sedation trials ignored the early phase of critical illness and missed a 
fundamental component of clinician determined sedation practice. The global 
SPICE-III trial [30] and sedation trials in the United States [28] and Brazil [29] have 
all collected important information on early sedation depth. Although protocol man-
dated, the proportion of patients achieving a light sedation target in the first 48 h of 
initiation of mechanical ventilation was 50%, 40%, and 30%, respectively in these 
trials. The concordance of these data worldwide strongly suggests that many patients 
appropriately need moderate to deep sedation in the early phase of critical illness, 
as chosen by treating clinicians.

17.4.2  Improving Patient-Centered Outcomes in Ventilated 
Critically Ill Adults

The pre-specified subgroup analysis in the SPICE-III trial revealed a significant 
age-related interaction in mortality with dexmedetomidine treatment with a diver-
gent effect in younger vs. older patients [30]. This heterogeneity of treatment effect 
was further evaluated using Bayesian analysis and showed data with direct rele-
vance to clinical practice and patient-centered outcomes [49].
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Albeit exploratory, the SPICE-III secondary analyses provide an unparalleled 
insight into the potential benefits and adverse events of commonly used and recom-
mended sedatives, dexmedetomidine and propofol, in different critically ill patient 
populations.

17.4.3  The Age Interaction with Early 
Dexmedetomidine Treatment

Despite achieving comparable level sedation in the first 14 days post- randomization, 
older patients required a significantly lower dose of all sedatives, regardless of 
group disposition. Despite comparable APACHE II scores (excluding the age com-
ponent), as expected, 90-day mortality was much higher in older patients overall at 
38.4% compared with 20.9% in younger patients [49]. In addition, older patients 
had reduced number of days alive and free of coma and delirium and ventilator-free 
days at day 28, compared with younger patients. There was, however, heterogeneity 
of dexmedetomidine treatment in these outcomes with obvious implications, con-
sidering the above context.

17.4.3.1  Critically Ill Older Patients
In the SPICE-III trial [49], 1825 (46.7%) patients included in the primary analysis, 
were over 65 years old, of whom 913 and 912 were randomized to early dexmedeto-
midine sedation or usual care, respectively. In this group of patients, the probability 
of reduced 90-day mortality with early dexmedetomidine sedation was 99.5%. This 
was highest at the lower end of APACHE II scores, less than 25, with a low proba-
bility of benefit at APACHE II scores >25. In addition, early dexmedetomidine 
sedation was associated with a high probability (>93%) of increased days alive and 
free of coma and delirium and increased ventilator-free days (>96%) at day 28.

17.4.3.2  Critically Ill Younger Patients
Conversely, 2079 (53.3%) of those included in the primary analysis were younger 
than 65 years with 1035 randomized to early dexmedetomidine sedation and 1044 
to the usual care arm. In this group of patients, early dexmedetomidine treatment 
was associated with a very high probability of increased mortality and a low prob-
ability of increased delirium- and coma-free days or ventilator-free days.

These data are compelling and imply that younger patients should not receive 
early dexmedetomidine sedation outside an approved research protocol. The 
European Medicine Agency and the Federal Institute for Drugs and Medical Devices 
issued a direct healthcare professional alert about the increased mortality with dex-
medetomidine treatment in patients younger than 65 years old [50].

17.4.3.3  Ventilated Critically Ill Surgical Patients
One of the pre-specified subgroup analyses in the SPICE-III trial was surgical vs. 
non-surgical patients. In a Bayesian analysis of the heterogeneity of dexmedetomi-
dine treatment in surgical vs. non-surgical patients [49], 976 (29.4%) of patients 
included in the primary analysis were classified as a surgical cluster vs. 2346 
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(70.6%) as a non-surgical cluster. The probability of lower mortality in the surgical 
cluster, regardless of age, was greater than 84% with >88% probability of increased 
days alive and free of coma and delirium but a much lower probability, 70%, of 
increased ventilator-free days. Conversely, the probability of lower mortality in the 
cluster of non-surgical patients was 33%; however, the probabilities of increased 
delirium- and coma-free days and increased ventilator-free days were 77% and 
58%, respectively.

If we consider age heterogeneity within the clustering of surgical vs. non- surgical 
patients, the probability of increased mortality in younger non-surgical patients was 
very high while the probability of reduced mortality in younger surgical patients 
remained reasonably high. In essence, this implies that extreme caution is warranted 
for the use of dexmedetomidine sedation in non-surgical patients who are younger 
than 65 years.

17.4.3.4  Critically Ill Patients with Sepsis
The impact of sedation on patients with sepsis has been the subject of many clinical 
trials. Albeit underpowered for mortality (n = 201 in Japan), dexmedetomidine was 
comparable to usual care in the DESIRE randomized trial with comparable mortal-
ity and ventilator-free days [40]. Similarly, dexmedetomidine and propofol had a 
comparable effect on days alive and free of coma and delirium 14  days post- 
randomization [41] in the double-blind randomized MENDS2 trial of 422 patients 
in the United States.

Patients in the SPICE-III trial were stratified according to the presence or absence 
of sepsis at randomization with 1248 septic patients randomized to early sedation 
with dexmedetomidine and 1256 patients to usual care, making this the largest seda-
tion trial of critically ill ventilated septic patients. While the 90-day mortality was 
comparable, 32.9% vs. 31.8% between dexmedetomidine treatment and usual care, 
the subgroup analysis of the SPICE-III septic cohort showed significant age-related 
heterogeneity with younger patients showing a significant 5.5% increase and older 
patients showing a non-significant 2.9% decrease in 90-day mortality.

In addition, while DESIRE [40] and MENDS2 [41] failed to show any difference 
in delirium-related outcomes, the SPICE-III septic cohort demonstrated signifi-
cantly more days alive, free of coma and delirium (median difference +2) in older 
septic patients treated with dexmedetomidine with an overall mean difference 
of +1 day.

17.4.3.5  Critically Ill Cardiovascular Patients
Within the construct of SPICE-III, 579 patients were critically ill with a cardiovas-
cular diagnosis, of whom 300 were randomized into the early dexmedetomidine 
sedation arm. In this post-hoc analysis, early sedation with dexmedetomidine 
appeared to be associated with a significant reduction in 90-day mortality (risk dif-
ference −9.2%, p = 0.017) and more days alive free of delirium and coma (mean 
difference +2, p  =  0.012). While these findings are exploratory, they imply that 
further research is urgently needed in this area and they affirm the view that venti-
lated critically ill patients react differently to sedative medications and may have 
differing clinically important clinical outcomes.
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17.5  Reducing the Burden of Delirium 
with Dexmedetomidine

One of the major issues facing contemporary intensive care is the emergence of 
delirium as a significant morbidity in critically ill adults with associated increase in 
mortality, hospital stay, and cognitive decline. While the results of the SPICE-III 
trial are primarily related to the early use of dexmedetomidine and the apparent 
harm in specific populations, the positive role of dexmedetomidine administration 
for agitation and delirium has been demonstrated in a meta-analysis and systematic 
review of randomized trials including more than 11,000 patients [51]. These find-
ings, however, should not detract from the importance of non-pharmacological 
interventions aimed at reducing the risk of delirium.

17.6  Conclusion

Sedation practice has progressed significantly over the last 25  years, albeit with 
slow but steady steps. Paradigm shifting trials led to the adoption of practices such 
as daily sedative interruption, light sedation, analgesia first, and early mobilization. 
These trials, however, were fit for purpose 20 years ago and the COVID-19 pan-
demic uncovered the need for a different approach. The introduction and wide-
spread use of the short-acting non-benzodiazepine sedatives propofol and 
dexmedetomidine into clinical practice, led to a major shift in research priorities. 
Adopted principles from 20  years ago became outdated with failure to replicate 
their positive effect in multicenter trials. Large scale sedation trials, conducted for 
the first time, have provided an unparalleled insight into the role of the two recom-
mended sedatives, propofol and dexmedetomidine. Sedative administration and 
sedation strategies should be tailored to specific populations rather than prescribed 
with a one size fits all principle. Propofol seems to be the sedative of choice for the 
younger non-surgical critically ill patient, while dexmedetomidine seems the seda-
tive of choice for older critically ill patients, those with cardiovascular disease and 
for delirium management in general. It is time to take bigger steps to advance seda-
tion practice with well-designed clinical trials of population-specific sedation strat-
egies, and newer sedatives to improve patient-centered outcomes.
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18Setting and Monitoring of Mechanical 
Ventilation During Venovenous ECMO

B. Assouline, A. Combes, and M. Schmidt

18.1  Introduction

In patients with the acute respiratory distress syndrome (ARDS), mechanical venti-
lation can cause ventilator-induced lung injury (VILI) through multiple mecha-
nisms, including volutrauma, barotrauma, atelectrauma, myotrauma, and biotrauma 
[1]. In the most severe forms of ARDS, the smaller the baby lung, the greater the 
potential for unsafe ventilation despite mechanical ventilation volume and pressure 
limitation. To further limit the energy transmitted to the lungs by the mechanical 
ventilator, “ultra-lung-protective” ventilation reducing tidal volume (≤4 ml/kg), 
respiratory rate (<20/min), and airway (plateau pressure <25 cmH2O and driving 
pressure ≤15 cmH2O) pressures has been proposed [2]. However, this strategy can 
result in severe respiratory acidosis without extracorporeal gas exchange using 
extracorporeal life support (ECLS) devices. Venovenous extracorporeal membrane 
oxygenation (VV-ECMO) is a form of ECLS that provides full extracorporeal blood 
oxygenation and carbon dioxide removal, which can replace pulmonary function. 
VV-ECMO allows marked reductions in tidal volume, respiratory rate, plateau and 
driving pressures [3, 4]. It has been associated with survival benefits in randomized 
controlled trials (RCTs) and meta-analyses [3–6]. However, optimal mechanical 
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ventilation settings on ECMO are still debated. In this narrative review, we sum-
marize the current knowledge, rationale, and evidence for mechanical ventilation 
management and monitoring in patients receiving VV-ECMO for severe ARDS. We 
will also discuss the research agenda in this field.

18.2  Historical Perspective

18.2.1  Ventilation Strategies in ECMO Landmark Trials

There is a paucity of data regarding optimal mechanical ventilation settings during 
ECLS (Table 18.1). Current recommendations are thus based on expert opinion [7] 
and the results of very few landmark trials [3, 4]. The concept of lung rest during 
ECLS was first proposed by Gattinoni et al. in a non-controlled series [8], in which 
ARDS patients were ventilated with peak inspiratory pressures limited to less than 
35–45 cmH2O, low respiratory rates (<5/min), and positive end-expiratory pressure 
(PEEP) set to 15–25 cmH2O. In the CESAR trial [4], patients were randomized to 
receive either conventional management at their center (90 patients) or to be referred 
for consideration for ECMO at an ECMO center (90 patients), where a “lung-rest” 
strategy was applied under ECMO (pressure control mode, peak inspiratory pres-
sure limited to 20–25 cmH2O, PEEP 10–15 cmH2O, respiratory rate 10/min, and 
fraction of inspired oxygen [FiO2] 0.3). Although the rate of mortality or severe 
disability was lower at 6 months in the ECMO group, the study was criticized for 
several methodological limitations. Specifically, only 75% of the referred patients 
received ECMO, and protective mechanical ventilation was applied in only 70% of 
the control group. In the EOLIA trial [3], patients with severe ARDS were randomly 
assigned to receive immediate VV-ECMO or conventional protective mechanical 
ventilation. Ultra-protective ventilation was provided to the ECMO group either by 
assisted-control mode (tidal volume reduced to obtain plateau pressure ≤24 cmH2O, 
PEEP ≥10 cmH2O, respiratory rate 10 to 30 cycles/min, and FiO2 0.3) or by airway 
pressure release ventilation (APRV; high pressure ≤24 cmH2O, PEEP ≥10 cmH2O, 
ratio of inspiratory to expiratory time 1:2, and FiO2 0.3). In the hours following 
randomization, ECMO patients had a significant decrease in tidal volume (6.0 ± 1.3 
vs. 3.5 ± 1.0 ml/kg), plateau pressure (30 ± 6 vs. 24 ± 3 cmH2O), driving pressure 
(18 ± 7 vs. 13 ± 2 cmH2O), respiratory rate (30 ± 5 vs. 23 ± 2 breaths/min), while 
PEEP (12 ± 4 vs. 11 ± 3 cmH2O) remained unchanged. Mortality was lower in the 
ECMO group (35% vs. 46%) although this difference did not reach statistical sig-
nificance (p = 0.07).
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18.2.2  Current Practice in ECMO-Experienced Centers

An international cross-sectional survey [9] conducted in 2013 among 141 medical 
directors and ECMO program coordinators from 283 Extracorporeal Life Support 
Organization (ELSO)-registered centers, revealed that only 27% of centers had an 
explicit mechanical ventilation protocol for patients on VV-ECMO. The majority of 
these centers (77%) reported “lung rest” to be the primary goal of mechanical ven-
tilation, whereas 9% reported “lung recruitment” to be their ventilation strategy. A 
tidal volume of 6 ml/kg or less was targeted by 76% of respondents, but only 34% 
of them were setting tidal volumes to less than 4 ml/kg. PEEP was ≤10 cmH2O in 
77% of the patients. More recently, the LIFEGARDS (ventiLatIon management oF 
patients with Extracorporeal membrane oxyGenation for Acute Respiratory Distress 
Syndrome) was the first prospective study specifically designed to describe the ven-
tilatory management of ECMO-treated patients with ARDS [10]. LIFEGARDS 
included an international, multicenter cohort of 350 patients supported by ECMO in 
23 medium- to high-volume ECMO intensive care units (ICUs) across 10 countries. 
It confirmed the widespread adoption of ultra-protective ventilation after ECMO 
initiation, with marked reduction in tidal volume (6.4 ± 2.0 vs. 3.7 ± 2.0 ml/kg), 
plateau pressure (32 ± 7 vs. 24 ± 7 cmH2O), driving pressure (20 ± 7 vs. 14 ± 4 
cmH2O), respiratory rate (26 ± 8 vs. 14 ± 6 breaths/min), and mechanical power 
(26.1 ± 12.7 vs. 6.6 ± 4.8 J/min), while PEEP (12 ± 4 vs. 11 ± 3 cmH2O) was kept 
greater than 10 cmH2O in most patients. No association was however found in mul-
tivariable analysis between ventilator settings during the first 2 days of ECMO and 
survival.

18.3  Targeting Ultra-Lung-Protective Mechanical Ventilation 
During ECMO

18.3.1  Tidal Volume

Decreasing tidal volume is the cornerstone of limiting the stress and strain applied 
by the mechanical ventilator to the lungs and the resulting VILI. Using a rat model 
of acid-induced lung injury, a tidal volume reduction from 12 to 6 to 3 ml/kg, with 
the same level of PEEP (10 cmH2O), decreased pulmonary edema and lung injury 
and increased protection of the alveolar epithelium [11]. Indeed, the limited tidal 
volume reduction (6.3 to 4.5 ml/kg) due to insufficient CO2 removal to control 
respiratory acidosis by the extracorporeal carbon dioxide removal (ECCO2R) device 
may explain the failure of the REST trial to improve the outcomes of ARDS patients 
[12]. By contrast, ECMO enabled larger tidal volume reduction (<4 ml/kg) in 
patients randomized to the ECMO group of the EOLIA trial and in those of the 
LIFEGARDS cohort. Targeting a tidal volume of less than 4 ml/kg is recommended 
in the guidelines of the Extracorporeal Life Support Organization (ELSO) [7].

18 Setting and Monitoring of Mechanical Ventilation During Venovenous ECMO
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18.3.2  Plateau Pressure

Plateau pressure is easily measurable at the bedside and received considerable atten-
tion after publication of the ARMA trial [13]. The REVA Network study on H1N1 
influenza-related ARDS reported that the mean plateau pressure after initiation of 
VV-ECMO was significantly lower in survivors than in non-survivors (25 ± 3 vs. 29 
± 5 cmH2O; p < 0.01) [14]. In that study, higher plateau pressures (>25 cmH2O) on 
the first day of VV-ECMO were significantly associated with mortality (odds ratio 
[OR] = 1.33, 95% confidence interval [CI] 1.14 to 1.59, p < 0.01). A plateau pres-
sure <25 cmH2O was targeted in the most recent VV-ECMO series [15, 16] and is 
also recommended by the ELSO [7].

18.3.3  Driving Pressure

The driving pressure is the plateau airway pressure minus PEEP. It can also be 
expressed as the ratio of tidal volume to respiratory system compliance (ΔP=VT/CRS), 
indicating the decreased functional size of the lung observed in patients with ARDS 
(i.e., baby lung). Driving pressure is a strong predictor of mortality in patients with 
ARDS as demonstrated by a post hoc analysis of previous RCTs and subsequent stud-
ies [10, 17, 18], with driving pressure >14 cmH2O being associated with a higher risk 
of mortality [17]. An individual patient data meta-analysis of observational studies in 
adult patients with ARDS receiving ECMO reported that driving pressure was the 
only ventilatory parameter that showed an independent association with in-hospital 
mortality [19]. In that context, targeting a driving pressure <14 cmH2O on VV-ECMO 
appears desirable and is currently applied in centers with high ECMO volume [10].

18.3.4  Respiratory Rate

The frequency of lung collapse and expansion, i.e., the respiratory rate, contributes 
to VILI. In a pig model of ARDS, Grasso et al. assessed the benefit of respiratory 
rate reduction combined with ECCO2R [20]. At a fixed tidal volume (6 ml/kg), 
lower respiratory rate was associated with reduced biotrauma while lung aeration 
was preserved [20]. A secondary analysis of the LUNG SAFE study [21] also con-
firmed that higher respiratory rate was independently associated with increased in- 
hospital mortality. More recently, Costa et al. demonstrated, in a retrospective 
pooled database of 4549 patients with ARDS, that only the driving pressure and 
respiratory rate had significant associations with mortality [22]. In that study, the 
impact of the driving pressure on mortality was four times as large as that of the 
respiratory rate. While the ELSO recommends a respiratory rate of 4–15 breaths/
min [7], higher respiratory rates on ECMO were reported in EOLIA (23 ± 2) [3] and 
in the LIFEGARDS study (14 ± 6) [10]. A minimal respiratory rate (4/min) may 
however be needed to maintain lung volume and to avoid derecuitement during 
ultra-lung-protective ventilation [8].
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18.3.5  Mechanical Power

Mechanical power represents the energy delivered by the ventilator to the respira-
tory system [23]. It is a function of transpulmonary pressure, tidal volume, and 
respiratory rate and was shown to be independently associated with mortality in 
ARDS patients when >17 J/min [24]. By applying ultra-lung-protective ventilation 
during ECMO, the mechanical power can be dramatically reduced. Indeed, it was 
significantly lower (10 J/min vs. 28 J/min) in the ECMO compared to the control 
group in the EOLIA trial, an effect mediated by a 43% and 23% reduction in tidal 
volume and respiratory rate, respectively [25]. Similarly, the mean mechanical 
power was reduced from 26 J/min to 6.6 J/min after ECMO initiation in the 
LIFEGARDS cohort study [10]. Although the mechanical power concept has sev-
eral limitations, it may enable the contribution of all modifiable mechanical ventila-
tion settings (tidal volume, respiratory rate, driving pressure, PEEP, inspiratory to 
expiratory ratio, inspiratory flow) to VILI to be quantified. Although its computa-
tion may help to guide current practice (Fig. 18.1), the extent to which mechanical 
power should be reduced in ECMO patients remains undetermined.
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respiratory rate, PEEP positive end-expiratory pressure, PBW predicted body weight, Vt tidal vol-
ume, FiO2 inspired fraction in O2, Pplat plateau pressure, ∆P driving pressure, Phigh high pressure, 
Plow low pressure, Ti inspiratory time, Te expiratory time
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18.3.6  Applying Apneic Ventilation?

Decreasing tidal volume to less than 4 ml/kg may not be sufficient to prevent excess 
strain (defined as tidal volume/end-expiratory lung volume) delivered by mechani-
cal ventilation to inflamed and inhomogeneous lungs, as recently suggested in a 
randomized crossover physiological study in 10 patients with ARDS receiving 
VV-ECMO [18]. In this study, a substantial risk of biotrauma and VILI persisted 
despite a mean tidal volume of 2.4 ml/kg in patients with low respiratory system 
compliance. Specifically, a linear relationship existed between changes in inspira-
tory pressure and concentrations of plasma biomarkers (soluble receptor for 
advanced glycation endproducts [S-RAGE], interleukin [IL]-6, tumor necrosis fac-
tor [TNF]-alpha) during mechanical ventilation. Biotrauma was lowest in the 
absence of tidal ventilation in the continuous positive airway pressure (CPAP) mode 
(10 cmH2O). Similarly, Graf et al. compared lung protective with apneic ventilation 
in 24 patients with severe ARDS receiving VV-ECMO in a prospective, monocenter 
physiological study [26]. Ultra-lung-protective ventilation was associated with 
increased stress, strain, and mechanical power, despite a low driving pressure (11.9 
± 5.8 cmH2O). In a large animal model of ARDS supported with VV-ECMO, near 
apneic ventilation (driving pressure 10 cm H2O, PEEP 10 cm H2O, and respiratory 
rate 5/min) was also associated with decreased lung injury and fibroproliferation 
compared to a conventional ventilation strategy [27]. Although (near) apneic venti-
lation might be the ultimate strategy to decrease VILI during ECMO, more data and 
larger studies on patient-centered outcomes are now needed before it can be widely 
adopted. Limitations of near apneic ventilation should also be evaluated. The 
absence of lung cycling may have short- and long-term physiological consequences 
and may require deeper sedation and sometimes continuous neuromuscular block-
ade to control the respiratory drive and subsequent patient self- inflicted lung injury 
(P-SILI). The technique also requires higher blood flow in the VV-ECMO circuit to 
reach adequate oxygenation, which may be associated with complications such as 
hemolysis.

18.3.7  Preserving Spontaneous Ventilation and Diaphragmatic 
Function to Minimize P-SILI?

Preserving diaphragmatic function by allowing spontaneous respiratory movements 
may facilitate weaning from mechanical ventilation, as short periods (18 to 69 h) of 
diaphragm inactivity on mechanical ventilation were associated with a 55% decrease 
in transdiaphragmatic pressure and marked atrophy of both slow-twitch and fast- 
twitch diaphragm fibers in humans [28]. On the other hand, spontaneous breathing 
could be associated with strong respiratory efforts and elevated transpulmonary 
pressure in patients with high respiratory drive and low pulmonary compliance and 
cause P-SILI [29, 30]. Although switching from controlled to assisted-spontaneous 
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ventilation has several benefits (muscle function preservation, decreased sedation, 
hemodynamic improvement), minimizing P-SILI while maintaining (part of) the 
diaphragm activity is challenging in patients with the most severe forms of ARDS 
receiving ECMO. In that context, the APRV mode that combines the control of 
plateau and driving pressures while allowing non-synchronized spontaneous breath-
ing may be valuable.

18.4  How to Set the Optimal PEEP on ECMO?

As with any intervention, the ultra-lung-protective ventilation strategy does not 
come without risks. Indeed, the resultant decrease in mean airway pressure could 
cause lung derecruitment, atelectrauma, and biotrauma. Lung collapse and overdis-
tension may also occur simultaneously in severely injured lungs. Interestingly, 
PEEP was ≤10 cmH2O in 77% of the patients in an international survey of ECMO 
specialists and the ELSO guidelines recommend a modest level of PEEP (10 
cmH2O) during ECMO support [7]. However, the optimal PEEP in ARDS may vary 
between patients and depend on several factors (alveolar recruitability, pleural pres-
sure, body weight, and hemodynamics) and may also evolve rapidly during the 
disease process. Selecting the adequate PEEP for a specific patient and at a specific 
time point is therefore challenging and a ‘one-size fits all’ strategy would likely not 
be of any clinical benefit. Several methods have been recently described to guide 
clinicians in the individualization of PEEP levels during ultra-protective ventilation 
on ECMO (Fig. 18.2).

Fig. 18.2 Tools to set positive end-expiratory pressure on venovenous extracorporeal membrane 
oxygenation (VV-ECMO). RCT randomized controlled trial, CT computed tomography
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18.4.1  Electrical Impedance Tomography-Guided Strategy

Electrical impedance tomography (EIT) provides individual, noninvasive, radiation- 
free imaging of the lungs at the bedside, with global and regional dynamic lung 
analyses. This technique displays a graphic representation of the regional distribu-
tion of lung ventilation and provides real-time information regarding ventilation 
including heterogeneity of ventilation distribution, regional tidal volume, and gravi-
tational distribution of respiratory system compliance. It identifies impedance 
changes in the lungs and enables distinction between ventilated and non-ventilated 
alveolar units. PEEP titration can therefore be guided by EIT, to determine the opti-
mal setting that minimizes lung collapse and overdistension. Franchineau et al. 
showed the wide diversity in patients’ EIT-derived “best compromise” PEEPs in a 
series of 15 ECMO patients, with values of 15, 10, and 5 cmH2O for 7, 6, and 2 
patients, respectively, whereas PEEP 20 and PEEP 0 were never selected [31]. 
Assessment of the distribution of airway opening and closure by EIT within each 
lung and between the two lungs is ventilation. Biotrauma AiCLOSE Study 
(ClinicalTrials.gov Identifier: NCT05196074).

Several limitations of EIT should be mentioned. First, the technique only pro-
vides a cross-sectional evaluation of a specific lung region, which may differ from 
the whole lungs, and only captures the ventral-to-dorsal regional ventilation distri-
bution. Second, it requires specific equipment, which is still not widely available 
and the acquisition of data is time-consuming. Lastly, there is still a lack of consen-
sus on the EIT target parameters to define the optimal PEEP level. The benefit of 
such an EIT-guided ventilation strategy to further decrease VILI during ECMO 
deserves further investigation.

18.4.2  Transpulmonary Pressure-Guided Strategy

Plateau pressure is a surrogate of the pressure gradient that stresses the lung, i.e., the 
transpulmonary pressure. As pleural pressure correlates with esophageal pressure, 
an esophageal manometer can be used to calculate the end-expiratory transpulmo-
nary pressure. This pressure-guided strategy to optimize PEEP can limit atelec-
trauma and minimize the risk of lung overdistention. It has been used to identify 
candidates for ECMO (i.e., refractory hypoxemia despite optimal PEEP) [20] or to 
optimize PEEP on ECMO [32]. In this latter study, patients on VV-ECMO were 
randomized to either transpulmonary pressure-guided ventilation (n = 52) or a lung 
rest strategy (n = 52) [32]. The transpulmonary pressure-guided group had a higher 
rate of successful weaning, a significantly lower 60-day mortality rate (33% vs. 
54%, p = 0.03), and shorter ECMO duration (p = 0.004) compared to the lung rest 
group. However, the transpulmonary pressure-guided strategy remains controver-
sial in patients with ARDS and is not supported by the results of the EPVent-2 
trial [33].
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18.4.3  Other Methods

Lung ultrasound can be used to guide the setting of mechanical ventilation in ARDS 
patients and assess bedside lung recruitment [34]. Changes in the lung ultrasound 
score correlated with PEEP-induced increases in end-expiratory lung volume in a 
series of ARDS patients receiving conventional mechanical ventilation [35] and 
also correlated significantly with computed tomography (CT) scan data in a series 
of 18 patients receiving ECMO [36].

The recruitment-to-inflation (R/I) ratio is a recent tool that has been developed to 
evaluate the potential for lung recruitment. It is calculated as the ratio between the 
compliance of the recruited lung following the application of a high PEEP to that of 
the respiratory system measured at a lower PEEP. This parameter can be easily 
measured at the bedside with any ICU ventilator and may help to optimize ventilator 
settings, particularly PEEP [37]. As of today, this parameter has not been studied 
during ECMO with very low tidal volume.

18.5  Prone Positioning During ECMO

Prone position is an effective first-line intervention in moderate to severe ARDS 
[38] that should be considered mandatory before ECMO consideration. However, 
this procedure during ECMO is still controversial, despite its increasing use, espe-
cially during the coronavirus disease 2019 (COVID-19) pandemic [39]. Several 
observational studies and a recent meta-analysis have shown that prone positioning 
during ECMO was feasible, safe, and could enhance ECMO weaning and improve 
outcomes [39, 40]. To date, the lack of RCTs, the fear of accidental decannulation, 
and the difficulties of routinely training the nursing staff in this procedure are still 
barriers to generalizing its use in ECMO patients, especially in centers with low 
ECMO volume. The results of the ongoing randomized controlled PRONECMO 
trial (ClinicalTrials.gov Identifier: NCT04607551) may help clarify the indications 
for prone positioning of ECMO patients.

18.6  Gas Exchange Targets on ECMO

There are no evidence-based guidelines for the management of oxygenation, carbon 
dioxide, or pH in patients with ARDS supported with ECMO, and safe limits of 
hypoxemia and hypercapnia have not been well established, although both hypox-
emia and hyperoxemia have been associated with increased mortality [41]. Gas 
exchange targets implemented in the EOLIA trial (PaO2 65–90 mmHg; PaCO2 < 45 
mmHg) [3] are most frequently recommended until more data become available. 
Because current ECMO membranes allow a significant reduction in mechanical 
ventilation intensity and can ensure adequate gas exchange despite minimal residual 
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lung function, the ventilator FiO2 should be reduced to its minimal value. 
Additionally, a high fraction of FiO2 in lung areas with a low ventilation- perfusion 
ratio might cause denitrogenation atelectasis, especially if PEEP is low [42]. Lastly, 
rapid correction of hypercapnia after the initiation of ECMO should be avoided 
since it was associated with the development of neurological complications [43].

18.7  Mechanical Ventilation During ECMO Weaning

Mechanical ventilation during the weaning of ECMO has received little attention so 
far. In the EOLIA trial, patients were switched to volume-assist controlled ventila-
tion with tidal volume set at 6 ml/kg when “clinical, radiological, gasometric, and 
pulmonary compliance had improved” [3]. More recently, in a series of 83 patients 
undergoing weaning of ECMO, those with higher tidal volume, heart rate, ventila-
tory ratio, and esophageal pressures swings during a sweep gas-off trial were less 
likely to achieve safe liberation from VV-ECMO [44]. As mentioned above, prone 
positioning during ECMO may also facilitate weaning from the device.

18.8  Conclusion

Mechanical ventilation during ECMO for ARDS should aim to reduce VILI by 
decreasing its intensity. However, further studies are needed to determine how par-
ticular ventilator variables should be adjusted during the course of ECMO and dur-
ing its weaning phase. Pending the results of such studies, EOLIA ventilator settings 
[3] are a reasonable option.
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19Early Mobilization in Patients Receiving 
ECMO for Respiratory Failure

K. E. Melville, D. Brodie, and D. Abrams

19.1  Introduction

Critically ill patients are at risk for neuromuscular weakness and physical decon-
ditioning following an intensive care unit (ICU) admission, known as ICU-acquired 
weakness, with immobility and use of invasive mechanical ventilation among the 
well-recognized risk factors [1–3]. Participation in physical therapy programs has 
been shown to be safe and feasible in a large majority of ICU patients, and has been 
associated with decreases in ICU and hospital lengths of stay, decreased rates of 
delirium, and improvement in return to independent function with increased mobil-
ity [4–8]. Patients receiving extracorporeal membrane oxygenation (ECMO) for 
severe respiratory failure are at significant risk for ICU-acquired weakness [9], and 
it is reasonable to extrapolate that these patients would gain benefit from early 
mobilization and physical therapy. However, concerns remain regarding the ability 
to safely mobilize these patients, both due to the severity of their clinical presenta-
tion, as well as device malfunction, especially cannula dislodgment. Recently, stud-
ies addressing these concerns in patients receiving ECMO have identified barriers 
and facilitators to early mobilization, and explored patient-centered outcomes 
related to physical therapy.

K. E. Melville · D. Brodie · D. Abrams (*) 
Division of Pulmonary, Allergy, and Critical Care Medicine, Department of Medicine, 
Columbia University College of Physicians and Surgeons, New York, NY, USA 

Center for Acute Respiratory Failure, New York-Presbyterian Hospital, New York, NY, USA
e-mail: da2256@cumc.columbia.edu

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
J.-L. Vincent (ed.), Annual Update in Intensive Care and Emergency Medicine 2023, 
Annual Update in Intensive Care and Emergency Medicine, 
https://doi.org/10.1007/978-3-031-23005-9_19

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-23005-9_19&domain=pdf
mailto:da2256@cumc.columbia.edu
https://doi.org/10.1007/978-3-031-23005-9_19


254

19.2  Evidence

The role of early mobilization in patients receiving ECMO for respiratory failure dif-
fers depending on whether ECMO is used as a bridge to recovery in acute forms of 
respiratory failure, such as the acute respiratory distress syndrome (ARDS), or as a 
bridge to lung transplantation in the setting of chronic lung disease. These patient 
populations differ in their clinical characteristics; approach to management, including 
degree of sedation; presence of concurrent invasive mechanical ventilation; and 
involvement of other organ system failures; along with differences that may be seen in 
ECMO configurations and use. Additionally, the requirement in some lung transplant 
programs for lung transplant candidates to maintain physical activity to avoid decon-
ditioning and debility – in order to remain actively listed for lung transplantation – is 
another important factor. There is evidence that mobilization and ambulation in the 
bridge to lung transplantation population improves outcomes. In a 2019 study that 
explored outcomes of patients who received ECMO as a bridge to lung transplanta-
tion, ambulation was found to be the only independent predictor of successful bridg-
ing [10]. All 121 patients in this cohort participated in physical therapy and 68% were 
ambulatory. When comparing patients who were ultimately transplanted to those 
where bridge to lung transplantation was not successful (i.e., patients who were del-
isted or died prior to lung transplantation), a significantly greater number of those who 
were transplanted had ambulated (76% compared to 57%). Additionally, in a related 
cohort of patients with interstitial lung disease and concurrent pulmonary hyperten-
sion who were receiving ECMO as a bridge to transplant, ambulation during ECMO 
prior to transplant was associated with an 80% reduction in the risk of death (HR 0.2; 
95% CI 0.08–0.48) [11]. The feasibility and benefit of early mobilization in the bridge 
to recovery patient population is less well defined in the literature.

One of the earlier retrospective studies of early mobilization of patients receiving 
ECMO details a single center’s experience in bridge to recovery and bridge to lung 
transplantation populations and showed that mobilization was safe and feasible [12]. 
In 100 consecutive patients who were managed with ECMO starting in 2009, 26 were 
initiated with the intention of bridge to lung transplantation and 74 with the intention 
of bridge to recovery. Of these 100 patients, 35 participated in active physical therapy 
during their time receiving ECMO support. Given differences in severity of illness 
and other clinical parameters, the 19 bridge to transplant and 16 bridge to recovery 
patients who were mobilized were analyzed separately in the study. Twenty-seven of 
the patients mobilized had purely upper body configurations, either via a dual lumen 
catheter for venovenous ECMO (VV-ECMO) or with internal jugular drainage and 
subclavian artery reinfusion in patients receiving venoarterial ECMO (VA-ECMO). 
The remaining eight patients had at least one femoral cannula. Following cannulation 
to ECMO, two-thirds of patients in the cohort receiving physical therapy were able to 
be liberated from invasive mechanical ventilation, with about equal rates in the bridge 
to recovery and bridge to transplant groups. Aside from logistical considerations, 
there are several other benefits to liberation when considering ability and feasibility of 
mobilization, including decreased sedative requirements in most patients, increased 
patient comfort, and the potential ability to receive oral nutrition.
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Patients in this study [12] participated in a median of five physical therapy ses-
sions. The degree of mobilization achieved during physical therapy was graded 
using a validated ordinal scale, ranging from one (no mobilization or passive range 
of motion only) to eight (ambulation). In total, 51% of all patients were able to 
ambulate, including two who had femoral cannulae. Across the entire cohort, the 
median maximum score achieved was eight (ambulation), with a median of eight in 
the bridge to transplant group compared with a median of two (active range of 
motion while in bed) in the bridge to recovery group. The vast majority of the 
patients either maintained the same level of activity or increased their level of activ-
ity across the physical therapy sessions they participated in while on ECMO. The 
physical therapy sessions were tolerated well, with no patient- or circuit-related 
complications reported as a result of mobilization. Overall, no significant changes 
to ECMO blood flow rate, sweep gas flow rate, vasopressor dosing, or supplemental 
oxygen were needed during or following the sessions.

A study by Munshi et al. evaluated the effect of physical therapy consultation 
specifically in a bridge to recovery population, given the relative lack of data regard-
ing safety, feasibility, and outcomes in this subset of patients [13]. This retrospec-
tive cohort study included 61 patients with ARDS between 2010 and 2015 and 
focused on the frequency and nature of physical therapy performed, as well as 
whether there was an association with ICU mortality. The vast majority (93%) of 
the patients underwent VV-ECMO, whereas four patients received veno-arterial 
support. Most (53%) of these patients were cannulated with upper body dual-lumen 
bicaval cannulas, and the remainder had at least one femoral cannula in place.

Of these 61 patients, the physical therapy team was consulted for 50 (82%). The 
best score on the ICU mobility scale was recorded for each patient undergoing physi-
cal therapy. Thirty-nine percent of the patients were able to achieve at least in-bed 
exercises and 17% of the patients were able to at least actively sit on the edge of the 
bed. For the primary outcome of association with mortality, ICU and in- hospital mor-
tality was significantly lower (22% compared with 64%) among those who underwent 
physical therapy when compared with those that did not (OR 0.19; 95% CI 0.04–0.98). 
This association is likely confounded by selection bias, in that sicker patients, who 
were ultimately less likely to survive, were less often recommended for physical ther-
apy. Regarding factors associated with achieving higher intensity physical therapy, 
only Sedation Agitation Scale (SAS) score on the day following ECMO cannulation 
was found to be associated, reflecting increased alertness.

In both of these studies [12, 13], over the years they were conducted, a higher 
percentage of patients were referred for physical therapy over time, despite rela-
tively stable clinical characteristics, likely reflecting an increased level of comfort 
mobilizing these patients based on institutional experience as well as more estab-
lished protocols.

In 2017, a study from the University of Maryland detailed that center’s experi-
ence with early mobilization and physical therapy for patients receiving VV- or 
VA-ECMO for bridge to lung transplantation or bridge to recovery, mainly focusing 
on safety and feasibility, especially in the presence of femoral cannulation, as well 
as a patient-centered outcome of discharge location [14]. This was a retrospective 
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cohort study, which included 254 patients who received ECMO support, 167 of 
whom participated in a total of 607 physical therapy sessions. Of those patients who 
participated in physical therapy, 80% had at least one femoral cannula, 40% had 
bifemoral cannulae, and arterial support was present in 26% of patients. Twenty- 
five of these patients (15%) were able to complete standing exercises or full ambula-
tion with physical therapy, including those with one or two femoral cannulae, with 
VV- and VA-ECMO support.

When comparing discharge locations for survivors who received physical ther-
apy during ECMO with those who received physical therapy only after decannula-
tion, a higher percentage in the former group were able to be discharged home or to 
acute rehabilitation (93% vs. 81%). Those patients who received physical therapy 
during their time on ECMO achieved higher scores on the ICU mobility scale, both 
during their time on ECMO and following decannulation, than their counterparts 
who received physical therapy only following decannulation.

Throughout the 607 sessions, only three individual safety events were reported, 
which included two episodes of arrhythmia and one hypotensive event. These were 
considered minor and therapy sessions were able to resume that same day. No major 
events, including cannulae- or circuit-related events, were reported.

A study conducted in Germany detailed safety, feasibility, and resource utilization 
in patients being supported with different modalities of extracorporeal life support 
(ECLS) for severe cardiopulmonary disease [15]. In a cohort of 115 patients receiving 
ECLS, a majority of whom were receiving venoarterial support (64%), with a large 
incidence of femoral cannulation (94%), active mobilization with at least edge-of-bed 
activity was achieved in 43 patients (37.4%). Ambulation was infrequent, with only 
two episodes of walking out of a total of 332 mobilizations (0.6%); the majority of the 
active mobilizations consisted of standing and walking a short distance to a chair. Of 
the 332 mobilizations, 313 (94.3%) occurred in the presence of at least one femoral 
cannula. The clinical characteristics of the patients and the goals of ECLS support in 
this population differed in some ways from those previously discussed, with greater 
frequency of arterial support and less overall time receiving ECLS support. Only 12 
of the 115 patients (10.4%) in the cohort were not receiving concurrent mechanical 
ventilation, however, a disproportionately large number of mobilizations occurred in 
this group (70.2%). The patients who were able to achieve active mobilization had 
lower severity of illness than those who were not.

The primary outcome of interest was complications during mobilization. There 
were three incidents of major bleeding requiring transfusions and/or surgical inter-
vention in the mobilized patients (6.9%), all from femoral catheter sites, compared 
with a higher number of similar bleeding events in the patients who were not mobi-
lized (15.3%). Minor bleeding, which did not require surgical intervention, transfu-
sion, or cessation of therapy occurred in a higher frequency in the mobilized 
compared with the non-mobilized group (20.9% v 1.4%). A major event of femoral 
cannula displacement occurred during one mobilization session (0.3% of all ses-
sions) and was managed with effective re-cannulation. All other adverse clinical 
events that occurred during mobilization, such as desaturation events, hypotension, 
or decrease in ECLS blood flow, were brief and either self-limited, or managed 
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without issue by the clinical team. Although major adverse events were rare, this 
study again highlighted the need for an experienced bedside team during mobiliza-
tion efforts, such that complications are able to be handled quickly and effectively. 
The median number of team members present during each mobilization, including 
physical therapists, nurses, physicians, and perfusionists, was three, similar to what 
has been described elsewhere in the literature.

As early mobilization of ECMO patients has become more common, due in part to 
the data highlighting safety and feasibility, several questions remain unanswered. One 
such question is whether certain factors are predictive of a patient’s ability to partici-
pate in high-intensity physical therapy during a mobilization program. In the largest 
cohort study to date, 177 patients supported with ECMO underwent active physical 
therapy at a single center [16]. The patients encompassed bridge to transplant and 
bridge to recovery populations; however, the majority (88%) of those mobilized were 
awaiting lung transplantation. These 177 patients participated in a total of 2706 physi-
cal therapy sessions. The primary outcome was the ability to stand, march in place, or 
ambulate, collectively referred to as out-of-bed activities, which correlated to a score 
of ≥4 on the ICU mobility scale. Seventy-eight percent of patients were able to 
achieve this level of activity, and most (61%) were able to ambulate.

Factors associated with increased likelihood of achieving out-of-bed physical 
therapy were: incremental year of ECMO initiation since the start of the mobiliza-
tion program (2009), bridge to transplant as the indication for ECMO, venovenous 
cannulation (as opposed to venoarterial configurations), and higher Charlson 
Comorbidity Index. There are likely several factors contributing to the finding that 
ECMO patients being bridged to lung transplantation were more likely to perform 
better with physical therapy. As discussed previously, these patients are often less 
acutely critically ill and more frequently able to be supported without deep sedation 
or neuromuscular blocking agents. Additionally, there is the added imperative of 
maintaining strength and functional status such that they remain appropriate candi-
dates for lung transplantation. It is also worth mentioning that the time spent on 
ECMO for bridge to transplant patients was significantly longer than that for bridge 
to recovery patients, reflecting increased opportunity to work with physical therapy. 
The association with higher comorbidity scores is less intuitive, but, specifically in 
a bridge to transplant population, may be explained by the prioritization of mobili-
zation in a group of individuals at high likelihood of debility and at greater risk for 
being deemed ineligible for transplantation. At the very least, this association 
implies that patients with a higher burden of comorbid conditions may be mobilized 
successfully. Importantly, as seen in other cohorts, as programs become more expe-
rienced and comfortable mobilizing these patients safely, the percentage of patients 
participating in physical therapy increases.

Presence of invasive mechanical ventilation and femoral cannulation were fac-
tors associated with decreased odds of being able to perform out-of-bed physical 
therapy activities. The negative association with invasive mechanical ventilation is 
likely twofold, reflecting both the added difficulty of logistically mobilizing patients 
on multiple life-support devices, but also due to the fact that patients who are unable 
to be liberated from invasive mechanical ventilation once receiving ECMO are 
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likely more critically ill and also more likely to be sedated and, perhaps, to be 
receiving neuromuscular blocking agents. Similarly, the association with femoral 
cannulation likely reflects relative clinician discomfort with mobilization in this 
population, but also potentially points to a population needing more ECMO sup-
port, by way of multiple cannulae, including arterial femoral cannulae in some 
patients. Similarly, one of the additional aims of this study was to address the ability 
to safely mobilize patients with femoral cannulae. While these patients were mobi-
lized with lower frequency and were not as able to perform high intensity physical 
therapy as those without femoral cannulae, over 700 of the physical therapy ses-
sions were performed in the presence of at least one femoral cannula, including 
many sessions with two femoral cannulae, including femoral arterial cannulae.

In general, this study [16] was able to demonstrate the safety of early mobiliza-
tion of patients supported with ECMO on a large scale. Across all 2706 sessions, 
there were 59 adverse events (2%), affecting 28 (16%) of the patients. Self-limited 
bleeding occurred during 13 sessions, with the majority occurring in the presence of 
a femoral cannula, but no cannulae became dislodged during any of the sessions. 
Despite the low incidence of adverse events, there were three serious adverse events 
that occurred during physical therapy sessions, including two cerebrovascular acci-
dents and one cardiac arrest. The cardiac arrest was due to a pulmonary embolism 
in a patient receiving VV-ECMO support; the patient recovered well and was able 
to resume participation in physical therapy during the hospitalization.

In 2020, a research letter was published describing ECMO utilization in corona-
virus disease 2019 (COVID-19) associated severe ARDS at two centers in Chicago 
during the first several months of the pandemic [17, 18]. This retrospective observa-
tional study detailed the use of single-access, dual-stage VV-ECMO via right atrial 
drainage and pulmonary arterial reinfusion in 40 patients. Early extubation was pri-
oritized in this population, in part to decrease the need for sedative medications and 
to facilitate mobilization. The primary outcome was survival following liberation 
from mechanical ventilation and ECMO support. Patients underwent extubation an 
average of 11 days following ECMO cannulation, receiving mechanical ventilation 
for an average of 15 days overall. Mortality in this cohort was 17.5%, lower than 
that in other analyses of patients with severe COVID-19-associated ARDS receiv-
ing ECMO support [19]. Additionally, 50% of the patients were able to be dis-
charged directly home from the hospital without intervening rehabilitation stays. 
Complications were described as minimal, and no specific reference to mobilization- 
related complications was cited. The authors attribute the relatively low mortality 
and morbidity in this cohort to their cannulation approach, which avoided femoral 
cannulae, provided right ventricular support via reinfusion into the pulmonary 
artery, and may have facilitated earlier extubation and mobilization. As part of this 
bundled intervention, early mobilization may have had some impact on improved 
outcomes in this population.

Taken together, these studies highlight the safety and feasibility of early mobiliza-
tion in patients receiving ECMO, be it for bridge to transplant or bridge to recovery, 
including those with femoral cannulation (Table 19.1). However, these studies are 
limited by the fact that they are all observational, largely single center, experiences. 
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Recently, a pilot randomized controlled trial (RCT) was published, describing the 
results of an early mobilization intervention in patients receiving ECMO in three 
ICUs in Australia [20]. The patients received either early mobilization (within 72 h of 
initiation of ECMO) for 7 days or standard of care. The primary outcome of interest 
was feasibility of delivering the intervention, including whether the two groups had a 
degree of separation in the amount and intensity of physical therapy. Secondary out-
comes included safety, differences in strength or functional status, ICU and hospital 
length of stay, and mortality. In the 20 patients randomized, those in the intervention 
group spent more time doing active physical therapy in the first seven days (median 
133 v. 27.5 min) compared to the control arm, although the maximum level of activity 
achieved did not differ significantly. At hospital discharge, there was increased func-
tional independence, using the Katz activities of daily living scale, in those in the early 
mobilization arm. There was no difference in lengths of ICU or hospital stay or 
mortality.

An important point regarding feasibility is the fact that this trial was originally 
planned for four sites, but one of the sites was unable to enroll due to the unavail-
ability of their experienced physical therapist. This highlights the point that an expe-
rienced multidisciplinary team is of utmost importance to safely and successfully 
mobilize patients during ECMO.

The same group in Australia is currently preparing to enroll for a phase 2 multicenter 
RCT (ClinicalTrials.gov Identifier: NCT05003609). Their goal is to enroll 100 ECMO 
patients and randomize to early mobilization and rehabilitation or standard of care with 
similar patient-centered outcome measures, including functional disability and indepen-
dence, muscle strength, length of ICU and hospital stay, and mortality, among other 
outcomes. Areas for future research on this topic should continue to address the efficacy 
and impact of early mobilization in this population as well as ways to identify subgroups 
who may derive the most benefit with the fewest complications.

19.3  Conclusion

Early mobilization performed at experienced centers is safe, feasible, and effective 
in patients receiving ECMO for respiratory failure. The indication for ECMO, 
whether for bridge to recovery or bridge to lung transplantation, is important when 
considering feasibility and potential benefits of early mobilization. Mobilization in 
bridge to transplant patients is important to avoid deconditioning in order to main-
tain transplant candidacy, and outcomes appear to be improved when patients are 
ambulatory prior to transplant. Taken together, these are strong arguments for mobi-
lizing bridge to transplant patients. In the appropriate bridge to recovery ECMO 
patient, mobilization is also feasible, regardless of cannulation strategy, although 
more data are needed on the effect of functional outcomes in this population. 
Additionally, serious adverse events, while rare, are possible, and the risk-benefit 
ratio of mobilization may be patient-specific depending on patient factors as well as 
perceived benefit and goals of therapy. A multidisciplinary team with experience 
and expertise, and with screening and safety protocols in place, is perhaps the most 
important factor in regards to safe mobilization.

K. E. Melville et al.
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20.1  Introduction

Venovenous extracorporeal membrane oxygenation (VV-ECMO) is a technique that 
can support gas exchange and enable a reduction in the mechanical power applied 
to the injured lung in patients with acute severe and refractory, but potentially 
reversible, respiratory failure.

The increasing emphasis on reducing ergotrauma, technological improvements 
in extracorporeal devices, and viral pandemics (i.e., H1N1 influenza and severe acute 
respiratory syndrome coronavirus 2 [SARS-CoV-2]) have resulted in an exponential 
growth in ECMO utilization over the last decade [1]. The possible applications of 
VV-ECMO are wide, including severe acute respiratory distress syndrome (ARDS) 
[2–4] near fatal asthma [5], severe air leak syndromes [6], interstitial lung disease 
[7], or as a bridge to lung transplantation [8].

In contrast to the abundance of data on indications, complications, and prognos-
tic factors for ECMO survival [1, 2, 3], consensus guidelines on weaning [9] are 
based on limited direct evidence for the criteria to initiate a weaning trial, how to 
monitor patients undergoing weaning, and how to adjust mechanical ventilation to 
optimally support patients during this phase.
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Identifying strategies that can accelerate the safe liberation of patients from 
ECMO is essential to reduce length of stay and risk of complications, as well as 
ensuring equity of access at times of strain on healthcare resources [10]. This is also 
important, as international surveys have highlighted wide intercenter variations in 
the approach to mechanical ventilation and weaning during VV-ECMO [11] and- 
perhaps consequently- in outcome [1].

A sound understanding of the physiological interactions between the extracorpo-
real circuit, the patient, and the ventilator is required to guide physicians throughout 
the process of weaning. Accordingly, after a summary of current approaches to 
VV-ECMO liberation reported in the literature, in this chapter we describe a possi-
ble physiological approach to weaning from VV-ECMO.

20.2  Intercenter Variability in the Approach to Weaning

In Table 20.1 [3, 9, 12–24], we summarize possible approaches to weaning from 
VV-ECMO reported in the literature.

20.2.1  Different Preconditions for Weaning

Expert opinion suggests that a weaning trial should be considered in patients whose 
cardiovascular state is stable and who show clinical and radiological improvement 
with reducing extracorporeal blood flow (ECBF) and sweep gas flow (SGF) require-
ments [9]. Traditionally, the oxygen exchange capability of the natural lung (V′O2NL) 
should be evaluated for a rise in PaO2 > 30 kPa (>225 mmHg) on a ventilator FiO2 
1.0 under stable mechanical ventilation and ECBF (Cilley’s test). However, the 
magnitude of response to this test is a poor predictor of successful decannulation 
from VV-ECMO when used in isolation [25]. Recent studies have demonstrated the 
feasibility of a proactive daily trial off VV-ECMO for patients who fulfil pre- 
weaning criteria [20, 21]. Indeed, the successful weaning of patients requiring up to 
4  l/min SGF at baseline suggests that liberation from VV-ECMO may be safely 
accelerated in some cases. Analogous to mechanical ventilation, a daily weaning 
trial (similar to a spontaneous breathing trial) can provide objective evidence of 
ECMO dependency and has the potential to shorten length of stay.

20.2.2  Different Ventilatory Strategies During Weaning

Another source of variation is the titration of mechanical ventilation (modes and set-
tings) prior to or during weaning. Some centers opt to wean patients on assisted or 
spontaneous/assisted modes rather than mandatory mechanical ventilation. This is 
consistent with evidence suggesting a lack of mortality benefit for deep sedation and 
neuromuscular blockade over light sedation in ARDS [26]. However, most centers 
have prioritized the weaning of ECMO prior to mechanical ventilation and maintain 
patients on controlled or assist-control ventilation until ECMO decannulation [10].
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20.2.3  Different Targeted Parameters During Weaning

There are no studies that compared the relative benefit of targeting different parame-
ters during a trial off VV-ECMO, and weaning was not tightly protocolized in the 
landmark randomized trials in ARDS [2, 3]. Indeed, there is significant variation 
among centers on how weaning is performed. Most commonly, weaning follows a 
gradual reduction in SGF rate to zero, generally with an oxygen fraction through the 
membrane lung (FdO2) of 1.0 [3, 13, 14, 16, 17, 19, 21–24]. Some centers wean the 
FdO2 prior to reducing SGF to test the dependency on oxygenation before testing the 
ability to maintain CO2 clearance consequent to the SGF reduction [9, 12, 15, 18, 20]. 
A minority of centers preferentially wean the ECBF during weaning [10], Interestingly, 
one center proposed to add 5% CO2 to the SGF once flow was ≤2 l/min and to stop 
SGF when the pre- and post-membrane CO2 difference was minimal [14].

The duration of a weaning trial is another parameter that is quite variable between 
centers. In the EOLIA trial, a 1-hour trial off ECMO [3] was used, but the extracor-
poreal life support organization (ELSO) recommends at least a 2–3 h trial [9], and 
other groups have used a trial of 30 min [20]. However, recently Al-Fares et  al. 
found that patients who were liberated inappropriately (i.e., failed decannulation 
defined as re-cannulation within 48 h or a significant escalation in respiratory or 
cardiovascular support) could not be identified until at least four hours after a trial 
off SGF [23]. This may be the reason why some centers- including ours- opt for a 
longer period of assessment off SGF (12–24  h or longer, especially in complex 
patients or with longer ECMO runs) [18].

20.2.4  Different Evaluation Criteria for a Weaning Trial

Conceptually, weaning success is defined by the ability to maintain gas exchange via 
the natural lung with protective ventilatory parameters and without excessive respira-
tory effort. Although recent studies suggest that invasive measurements of effort, such 
as the esophageal pressure swing, provide useful information during VV-ECMO 
weaning [23, 24], the majority of the reported literature relies on clinical signs (such 
as respiratory rate and heart rate) and blood gas analysis (see Table 20.1).

Given this variation in practice, in the next section we will outline an understand-
ing of the interactions between the circuit, patient, and ventilator that underpin a 
physiological approach to weaning.

20.3  Physiology of Weaning from VV-ECMO

20.3.1  The Extracorporeal Circuit

20.3.1.1  V′O2ML, V′CO2ML and the Effects of Weaning
The extracorporeal circuit is depicted in Fig. 20.1. Table 20.2 summarizes the effects 
of weaning different ECMO parameters on the oxygen delivery (V′O2ML) and the 
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Fig. 20.1 The anatomy and physiology of the extracorporeal circuit, depicted in a femoral-jugular 
configuration. Blood is drained from the central venous system (CV) via a cannula and centrifugal 
pump which generates extracorporeal blood flow (ECBF). Pre-oxygenator blood is a mixture of 
central venous (Cv) and recirculating (QR) blood. It is pumped across hollow fibers within the 
membrane oxygenator across which there is sweep gas flow (SGF). Post-oxygenator blood is 
passes through the return lumen where it becomes mixed with the CV blood in the right ventricle 
and pulmonary arteries to form the mixed venous blood (CVmixed) before being distributed through 
the native pulmonary circulation. Mixed central venous blood oxygen content (CVmixedO2) will be 
determined by the central venous oxygen content (CvO2), the post-oxygenator blood’s oxygen con-
tent (Cpost-oxy O2), the ECBF, recirculation flow (QR) and overall cardiac output (Qt) according to the 
formula: CVmixedO2⋅Qt = [CvO2⋅(Qt−ECBF+Qr)] +  [Cpost-oxyO2⋅(ECBF-QR)]. Although the ECBF 
contributes to the calculation of the overall CO2 clearance of the membrane lung [V′CO2ML = (Cpost- oxy 
CO2- Cpost-oxyCO2)⋅ECBF⋅25)], during usual VV-ECMO ECBF levels (>2.5 L), the primary determi-
nant of V′CO2ML is the SGF rate which generates the gradient for CO2 diffusion and resulting 
difference in pre- and post-oxygenator CO2 content. (Figure created with BioRender.com, adapted 
from a template created by Dr. Yevgeniy Brailovsky from Sidney Kimmel School of Medicine)
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Table 20.2 Titratable extracorporeal membrane oxygenation (ECMO) parameters during wean-
ing and their effects

Parameter 
which can be 
weaned

Relationship with 
V′O2ML

Relationship with 
VCO2ML

Downsides of weaning in 
isolation

ECBF Decreases will 
linearly reduce 
V’O2ML if QR is 
minimal

Minimal change >1 l 
ECBF
Between 0.5–1 l 
decreases 
logarithmically 
decrease V′CO2ML

Low ECBF flows may increase 
circuit thrombosis
Changes in ECBF will also affect 
QR

SGF Minimal change 
until almost zero

Linearly decrease 
V′CO2ML

When SGF is turned to zero 
V′O2ML ceases suddenly but 
hypoxic pulmonary 
vasoconstriction takes minutes to 
react

FdO2 Linearly decrease 
V′O2ML

No effect Weaning may alter the 
respiratory quotient and reduce 
alveolar oxygen

ECBF extracorporeal blood flow, SGF sweep gas flow, FdO2 fraction of oxygen of the SGF, QR 
blood flow directly back into the ECMO circuit which has already passed through the mem-
brane lung

CO2 clearance (V′CO2ML) of the membrane lung. There are three main settings 
which can be manipulated during the weaning from or trial off VV-ECMO [27]:

Effects of Reducing ECBF
The ECBF rate has differing effects on the V′O2ML and V′CO2ML. With a well- 
functioning circuit, any hemoglobin passing through the membrane lung will 
become fully saturated with oxygen even at very low SGF rates. Consequently, if 
the FdO2 is unchanged, the ECBF is the main titratable variable that can affect the 
V′O2ML. However, the nature of the relationship between ECBF and the V′O2ML is 
affected by the amount of recirculated blood flow (QR).

 1. Recirculation occurs when arterialized blood (post oxygenator) returned to the 
venous system after passing through the membrane lung is aspirated straight 
back into the circuit (see Fig. 20.1). Given that the recirculated blood is already 
fully saturated with oxygen, the greater the QR relative to the ECBF, the lower 
the gradient between the pre- and post-membrane bloods’ oxygen content and so 
the lower the V′O2ML. Effective ECBF, equal to total ECBF minus QR, is linearly 
related to V′O2ML [27] but QR cannot be easily quantified at the bedside.

 2. The proportion of QR may be higher at higher blood flow rates. If a given decrease 
in ECBF during weaning disproportionately reduces QR then the change in 
V′O2ML may not be as anticipated. For example, if the QR reduces from 1 l to 
250 ml when the ECBF is weaned by 25% from 4 to 3 l/min, then the effective 
ECBF has only changed from 3 l to 2.75 l. Conversely, where QR is minimal, 
decreasing the total ECBF will decrease the effective ECBF and so the V′O2ML 
in a linear fashion [27].
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The effect of weaning the ECBF on systemic oxygenation will depend mainly on 
the patient’s cardiac output and venous admixture. As the proportion of the total 
cardiac output captured in the ECBF falls, the mixed venous oxygen content will 
decrease. The final effect on systemic oxygenation will be determined by native 
lung function and the venous admixture.

In contrast to V′O2ML, the relationship between ECBF and V′CO2ML is not linear, 
but follows a natural logarithmic curve with ECBF >0.5 ml/min, which plateaus at 
>1.0 l/min [28–30]. The impact of the ECBF on V’CO2ML is also affected by the 
ratio of SGF:ECBF and the surface area of the membrane lung [28]. Accordingly, 
step-wise decreases in ECBF have a minimal independent effect on the V′CO2ML 
until reaching very low levels, which are generally avoided in VV-ECMO to prevent 
circuit thrombosis. Consequently, although ECBF is often reduced prior to weaning 
as native lung function improves, reductions <2.5–3  l/min during a trial off 
VV-ECMO are generally not advisable.

Effects of Reducing SGF Rate Without Altering the FdO2

Complete saturation of hemoglobin can be achieved even with very low SGF rates 
(<0.5 l/min) particularly when FdO2 is maintained at 1.0 [27]. For this reason, step-
wise decreases in SGF do not affect V′O2ML until SGF is almost off. Moreover, even 
the small amount of SGF required to saturate hemoglobin can affect ECMO depen-
dency for another reason: VV-ECMO causes a mixed venous ‘hyperoxia’, blunting 
or abolishing the physiological hypoxic pulmonary vasoconstriction [31] (which 
normally optimizes ventilation/perfusion matching). This results in an increased 
native lung venous admixture, with lower than expected ventilation to perfusion 
ratio [31–33]. Accordingly, when the SGF is turned to zero at the last step of a 
weaning trial, patients are abruptly totally dependent on the native lung’s capacity 
to transfer oxygen (V′O2NL), but the biphasic response of the pulmonary vasculature 
to hypoxia requires several minutes to occur, with other slower changes over hours 
[34]. For this reason, the assessment of the oxygen exchange capacity of the natural 
lung might be confounded by this sudden change. Indeed, delayed hypoxic vaso-
constriction increases the effective venous admixture, making any residual lung 
abnormality have a disproportionate effect on gas exchange [35]. This may also be 
why ~30% of patients in a recent prospective study experienced frank hypoxemia 
after a stepwise decrease in SGF to zero without altering the FdO2 [24].

In contrast to oxygenation, stepwise decreases in SGF are associated with a pro-
gressive reduction in V′CO2ML [27, 28]. Analogous to the minute ventilation for the 
native lung, SGF drives bulk transfer of CO2 out of the artificial membrane and 
increases the gradient for CO2 in the venous blood to diffuse across the membrane. 
Accordingly, stepwise decreases in SGF result in a higher CO2 in the pulmonary 
vasculature and greater load to the native lung (V′CO2NL), whose exchange capacity 
will affect PaCO2. Although in clinical practice the oxygen exchange capability is 
usually assessed simply through the PaO2/FiO2 ratio (rarely implemented by venous 
admixture calculation), several indices have been proposed for bedside evaluation 
of the CO2 clearance capacity of the natural lung (Table  20.3 [23, 24, 36, 37]). 
Interestingly, the end-tidal to partial pressure of arterial PCO2 ratio (PET/PaCO2), an 
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Table 20.3 Evaluation of carbon dioxide (CO2) clearance by native lung (V′CO2NL) during wean-
ing from venovenous extracorporeal membrane oxygenation (VV-ECMO)

Parameter Formula Downsides/specifics
Ventilatory ratio [30] (VE⋅PaCO2)/

(PBW⋅100⋅37.5)
Assumes constant V′CO2NL

Enghoff index (PaCO2 -PECO2)/
PaCO2

Evaluates shunt and dead space

Ratio of endtidal to partial 
pressure of carbon dioxide

EtCO2/PaCO2 Evaluates shunt and dead space [20, 32]

Bohr alveolar dead space (PACO2 -PECO2)/
PACO2

Evaluates pure alveolar dead space but 
requires analysis of volumetric 
capnography curve [31]

Ventilatory efficiency VE/V′CO2NL No available data during ECMO
Ventilatory efficiency ∆Pes/V′CO2NL Influenced by lung elastance

PBW predicted body weight, VE minute ventilation, PECO2 mean expired CO2 partial pressure, 
PACO2 alveolar CO2 partial pressure

index of global gas-exchange efficiency [38], was the best predictor of weaning 
outcome in a recent study [24]. The same study also showed that the baseline venti-
latory efficiency (the ratio of effort to V’CO2NL) was lower in patients who failed a 
weaning trial.

When SGF is set to zero, VV-ECMO makes no contribution to gas exchange and, 
after the restoration of hypoxic pulmonary vasoconstriction, a true assessment of 
native lung function can occur. A special case in which a sudden reduction in arte-
rial oxygenation is unrelated to lung function and severe hypoxemia following 
switching off SGF– which is refractory to increasing FiO2 on ventilation– occurs 
when there is an intracardiac shunt: in this case, the flow from the return cannula can 
force blood through the shunt, bypassing the native lung and potentially leading to 
profound desaturation when SGF (and, thereby, VO2ML) falls to zero. Indeed, if 
ECBF is not concomitantly reduced to <1  l/min, the deleterious effects of blood 
passing through the anatomical shunt will become evident when no compensatory 
oxygen is added from the extracorporeal circuit [39].

Effects of Reducing the FdO2 Prior to Reducing the SGF
A gradual reduction in the FdO2 at constant SGF rate allows the two components of 
gas exchange to be separated: V′O2ML is sequentially decreased, while V′CO2ML 
remains unaltered. The progressive, rather than abrupt, decrease in FdO2 has the 
advantage of gaining time for some physiological recovery hypoxic pulmonary 
vasoconstriction [27], thereby allowing a more accurate assessment of the oxygen 
exchange capacity of the native lung. The effect on systemic oxygenation of a 
reduction in V′O2ML through stepwise decreases in FdO2 will depend on the ratio of 
ECBF to cardiac output and on the venous admixture of the native lung. 
Counterintuitively, decreasing the V′O2ML without changing the V′CO2ML at con-
stant V′CO2NL will lead to a progressive decrease in the respiratory quotient of the 
native lung (RQNL = V′CO2NL/V′O2NL) [40]. Indeed, RQNL is an important compo-
nent of the alveolar gas equation:
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where PAO2 and PACO2 are the alveolar partial pressures of oxygen and carbon 
dioxide respectively, Patm and PH2O are the atmospheric pressure and the vapor pres-
sure of water respectively, and FiO2 is the inspired oxygen fraction.

According to this equation, any decrease in RQNL is associated with a decrease in 
PAO2, worsening systemic oxygenation. However, the quantitative importance of 
this effect during weaning from VV-ECMO should be put into context:

 1. The extended alveolar equation has a supplementary term (in bold here below) 
which, accounting for changes in alveolar gas volume during breathing, blunts 
the deleterious effect of low RQ on PAO2, especially if the FiO2 from the native 
lung is high [41].
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 2. The reduction in PAO2 at low RQNL has been previously described during extra-
corporeal CO2 removal (ECCO2R), where ECBF is <1 l/min. However, this will 
be less evident during weaning from VV-ECMO where the ECBF is much 
higher: indeed, even at FdO2 0.21, there may still be a substantial V′O2ML. This 
would blunt the effects of the reduction in RQNL [40].

20.3.2  The Patient

The patient’s response to a weaning trial is dictated by the physiology of breathing 
control and, particularly, by the effects of variations in gas-exchange on the output 
of the respiratory centers.

20.3.2.1  Physiology of Breathing Control
A simple, yet effective model describing the control of breathing was proposed by 
Vaporidi et al. [42] and subsequently adopted by others [43]. As depicted in Fig. 20.2 
[42–45], this model describes the interdependence between the arterial partial pres-
sure of CO2 (PaCO2) and the minute ventilation (VE) by plotting them in the same 
graph according to three different curves: (1) the metabolic hyperbola, describing 
the relationship between PaCO2 and VE at a given V′CO2NL and dead space; (2) the 
CO2 sensitivity curve (also called the brain curve), describing the change in VE that 
the respiratory centers desire when PaCO2 deviates from its set-point; (3) the venti-
lation curve, depicting the corresponding change in VE that the respiratory system 
can actually achieve for a given PaCO2. The intersection between the brain curve 
and the metabolic hyperbola gives the “eupneic PaCO2”, i.e., the PaCO2 set- point of 
the respiratory centers. Conversely, the intersection between the ventilation curve 
and the metabolic hyperbola gives the “actual PaCO2” of the patient. Panel a in 
Fig. 20.2 describes physiological and pathological determinants of the slopes and 
positions of these three curves [42, 43].
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Fig. 20.2 Model of breathing control during weaning. Panel a reflects health, where the brain and 
ventilation curves are the same, thereby eupneic and actual partial pressure of arterial carbon diox-
ide (PaCO2) coincide. Possible contributors to the position of the brain curve, ventilation curve, 
and metabolic hyperbola, and the varying slope of the latter (larger ∆VE required to achieve a 
given ∆PaCO2 when ventilation is higher) are also shown. Panel b represents a possible sweep gas 
flow (SGF) weaning trial: as the CO2 cleared by the membrane lung (V′CO2ML) is reduced, the 
metabolic hyperbola shifts upwards and to the right, while the brain and ventilation curves shift in 
parallel to the left to maintain the eupneic PaCO2. Panel c represents a possible fraction of oxygen 
of the SGF (FdO2) or extracorporeal blood flow (ECBF) weaning trial: as the oxygen provided by 
the membrane lung (V′O2ML) is reduced during weaning, any hypoxemia would shift the position 
and slope of the brain curve to a new eupneic PaCO2. This new equilibration point will drive non- 
metabolic CO2 from body stores into the bloodstream possibly shifting the metabolic hyperbola 
upward and to the right. Panel d depicts possible weaning-induced changes in the relative position 
of the brain and ventilation curves (maintained synonymous for simplicity in all other Panels): note 
that any deviation between the two curves induces a difference between the actual and eupneic 
CO2. V′CO2NL the total CO2 to be cleared by the natural lung, Vd/Vt the dead space fraction of the 
tidal volume. (Figure created using with BioRender.com)
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20.3.2.2  Effects of Weaning on Respiratory Center Output
According to the aforementioned model of breathing control, weaning may affect 
respiratory center output through the following mechanisms.

Stepwise Decreases in SGF May Change the Position of the Metabolic 
Hyperbola
Normally, around 6–7 l/min of VE is sufficient to maintain a PaCO2 of 40 mmHg at 
physiologic VCO2NL. During VV-ECMO, whereby the membrane lung contributes 
to CO2 clearance, VCO2NL decreases, and the metabolic hyperbola shifts downward 
and to the left (i.e., lower VE is required to maintain the same PaCO2). Conversely, 
during weaning, stepwise decreases in SGF rate reduce V′CO2ML and the total meta-
bolic V′CO2 increases at higher work of breathing. For both reasons, V′CO2NL is 
expected to increase, shifting the metabolic hyperbola upward and to the right (see 
Panel b in Fig. 20.2).

Stepwise Decreases in FdO2 or ECBF May Change the Set-Point 
of the Brain Curve
Normally, the brain is set to maintain a PaCO2 around 40 mmHg. However, chemi-
cal (PaO2 and pH), reflex (lung and chest wall receptors), and cortical (wakefulness, 
sedation, agitation) inputs can change the set-point to lower or higher values. In 
ARDS, VV-ECMO may correct hypoxemia, but stimulation of lung mechanocep-
tors and inflammation contribute to maintaining a low PaCO2 set point. For this 
reason, even with maximal V’CO2ML it is uncommon to induce apnea in ARDS [46]. 
During weaning, step decreases in FdO2 or ECBF, by reducing VO2ML, may induce 
hypoxemia, thereby lowering the PaCO2 set point. To achieve a lower set-point, dur-
ing hypoxemia the brain curve shifts to the left and increases its slope (see Panel c 
in Fig. 20.2).

Changes in Breathing Pattern May Affect the Ventilation Curve
In health, ventilation satisfies the activity of the respiratory centers, thereby the 
ventilation and brain curve overlap and the actual PaCO2 corresponds to the eupneic 
PaCO2. In ARDS, the descending pathway from the brain to the lung is altered for 
several reasons (high elastance of the respiratory system, neuromechanical uncou-
pling, etc). Thereby, a dissociation between the two curves occurs, resulting in dys-
pnea and further increasing the already high respiratory center output. During 
weaning, elicited natural lung ventilation might decrease lung elastance (intra-tidal 
recruitment) [47] or resistances (inversely correlated with tidal volume [48]) thereby 
partially re-establishing the matching between the brain and the ventilation curve. 
On the other hand, neuro-mechanical uncoupling may worsen if PEEP is increased 
without corresponding recruitment [42, 43, 49] or if muscular fatigue is associated 
with inadequate support. Accordingly, the dissociation between the brain and the 
ventilation curve may increase (see Panel d in Fig. 20.2).

20 Physiological Adaptations During Weaning from Venovenous ECMO



276

Some other interesting interrelationships between the metabolic hyperbola and 
the brain curve possibly occurring during weaning are worth mentioning:

 1. With increasing VCO2NL, shifting the metabolic hyperbola upward and to the 
right would result in increased PaCO2 if the brain curve did not concomitantly 
change position (see Fig. 20.2, Panel b). However, it has been experimentally 
shown that PaCO2 remains constant at decreasing SGF, unless extreme effort is 
reached [24]. A similar behavior of the respiratory centers has been described 
during exercise, where increasing VCO2NL is associated with a parallel leftward 
shift of the brain curve (at constant slope) to maintain constant PaCO2 (isocapnic 
hyperpnea) [44]. The underlying mechanism explaining this phenomenon 
remains debated [50].

 2. A primary change in the set point of the brain curve may also affect the position 
of the metabolic hyperbola (see Fig. 20.2, panel c). Indeed, when the brain curve 
shifts to lower PaCO2 set points, the entire pool of CO2 body stores must equili-
brate with the new PaCO2. This requires displacement of a vast amount of non- 
metabolic CO2 from peripheral tissues, which adds to the metabolic CO2 
increasing V′CO2NL [51] and further shifting the metabolic hyperbola upward 
and to the right. The higher the pool of total body CO2 stores (for example due 
to permissive hypercapnia prior to weaning), the higher the amount of CO2 dis-
placed to reach equilibrium. Accordingly, a non-negligible additional “non- 
metabolic” CO2 load might be imposed on the natural lung during weaning.

 3. The slope of the metabolic hyperbola, describing how much VE must change to 
obtain a given change in PaCO2 (the so called “plant gain”) has two characteris-
tics which are relevant to weaning. First, it is lower at higher VE [45] (see 
Fig.  20.2, panel a). Therefore, during weaning, higher changes in VE (and, 
thereby, effort) are required to achieve a new PaCO2 set-point if the patient is 
already hyperventilating prior to the trial. This might be one of the reasons why 
high breathing effort before or during a weaning trial has been recently associ-
ated with weaning failure [23, 24]. Second the slope decreases when the V′CO2ML 
is decreased [45]. Accordingly, reaching a new PaCO2 set-point (e.g., because of 
hypoxemia) requires much more effort during the later stages of a weaning trial. 
For both reasons, avoiding hypoxemia, distress, or any other cause for a shift in 
the eupneic threshold is important during a weaning trial.

20.3.2.3  Monitoring Respiratory Center Output
Respiratory centers can express their output in terms of timing or intensity: the tim-
ing is reflected by respiratory rate, while the intensity of output is referred to as 
respiratory drive. Respiratory rate increases significantly only when respiratory 
drive is 3–4 times higher than normal [42, 43]. Similarly, clinical signs of excessive 
effort (use of accessory muscles, diaphoresis and distress) occur when drive is 
already excessive. For this reason, invasive assessment of drive is necessary to pre-
dict the success or failure of weaning prior to the development of overt distress. 
Directly measuring the rate of change of the electrical activity of the brain centers 
is not feasible in routine practice, thereby surrogates need to be employed. According 
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to their distance from the brainstem, these surrogates relate more or less directly to 
respiratory drive (e.g., the electrical activity of the diaphragm, EAdi [52]), others 
with respiratory effort (e.g., P0.1 [53], the swing in esophageal pressure and trans-
diaphragmatic pressure [54], or the muscle pressure and the occlusion pressure [55, 
56]), others with lung stress (e.g., dynamic transpulmonary pressure [54, 55]). As 
previously mentioned, if the descending pathway is altered, a dissociation between 
these indices might occur. For example, low effort in spite of high drive suggests 
neuromechanical uncoupling, and low tidal volume despite high dynamic transpul-
monary pressure reflects high respiratory system elastance. Both situations are typi-
cal of patients receiving VV-ECMO, thereby complicating the assessment of the 
respiratory centers’ output.

20.3.3  The Ventilator

20.3.3.1  Passive, Controlled Patients
In fully sedated patients in controlled modes, mechanical ventilation can help main-
tain gas-exchange during a weaning trial: adjusting FiO2 and positive end- expiratory 
pressure (PEEP) to prevent hypoxemia, and minute ventilation to avoid excessive 
hypercapnia represent the most obvious interventions. In case of wakefulness, 
increased sedation may be required to maintain synchrony if ventilation is not 
adjusted to match the demands of the brain curve. Clearly, since one of the aims of 
VV-ECMO is to assure protective ventilation, any ventilatory change should be 
performed in the context of ventilator-induced lung injury (VILI) prevention. 
Overall, protective ventilation during VV-ECMO is debated [57]. The concept of 
mechanical power [58] has raised awareness of the importance of other parameters 
than the classic driving pressure [59], particularly highlighting the potential harms 
of respiratory rate, although clear safety thresholds are lacking [60, 61]. Associations 
between mortality and the use of higher driving pressure [62], and mechanical 
power [63] during VV-ECMO have been made from cohort studies and a period of 
total lung rest with zero driving pressure was correlated with lower plasma biomark-
ers of lung injury in a recent small randomized trial [64]. However, whether a strat-
egy of lung rest with ultra-low frequency and power is superior to standard care 
remains to be demonstrated. Furthermore, the strongest associations between venti-
lator settings and outcome are in the early phase of VV-ECMO: ultra-protective 
ventilation may be unnecessarily cautious when patients have improved to the point 
of a weaning trial.

20.3.3.2  Spontaneously Breathing Patients
We have described how changes in ventilation induced by weaning in spontane-
ously breathing patients are a direct consequence of changes in respiratory center 
output translating into breathing effort and, consequently, lung stress. Since the lat-
ter is the main contributor to patient self-induced lung injury (P-SILI) [47, 65], 
strategies to reduce effort and stress are important to ensure safe weaning. The role 
of the ventilator in this regard is crucial and can be divided into two components.
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Maneuvers Reducing Effort and Stress
Any maneuver shifting the CO2 sensitivity curve to higher PaCO2 or improving the 
matching between the ventilation and the brain curve has the potential to reduce 
breathing effort and lung stress [42, 43]. The use of sedation, shifting the CO2 sen-
sitivity curve to the right, is a typical “non-ventilatory” strategy in this regard. For 
the ventilator, increasing FiO2 and PEEP (if associated with recruitment) may have 
beneficial effects. However, increasing PEEP has some downsides: it possibly wors-
ens neuromechanical uncoupling [49] (further dissociating the ventilation and the 
brain curve) and it might increase the static stress to the lung contributing to the 
total mechanical power of ventilation [66, 58]. As the patient is challenged with 
increased V′CO2NL, the change in breathing pattern may produce altered flow 
demands or desynchrony (such as premature cycling in more than 30% of patients 
in one series [21]): maneuvers improving patient-ventilator synchrony also have the 
potential to reduce effort and regional stress [47, 65].

Maneuvers Reducing Effort But Not Stress
Any maneuver simply unloading the respiratory muscles (e.g., increasing pressure 
support) has the potential to reduce breathing effort, but not lung stress. Indeed, 
when the respiratory centers are set to maintain a certain PaCO2, pressure support 
leads to a decreased workload by the respiratory muscles (i.e., effort decreases), but 
the total ventilation required to maintain PaCO2 does not change (i.e., stress will not 
decrease although its distribution may vary) [67]. Accordingly, the main benefit of 
increasing pressure support is to reduce muscular fatigue.

Irrespective of the maneuver performed, general principles of lung protection 
during a weaning trial in spontaneously breathing patients are similar to those in 
fully sedated patients under controlled ventilation (Table 20.4 [18, 23, 24, 65] sum-
marizes possible stopping criteria of a weaning trial based on the possibility of 
maintaining acceptable gas exchange with safe ventilation). However, some impor-
tant specifics must be highlighted:

 1. The presence of active muscular contraction, variable between inspiration and 
expiration, makes it challenging to estimate a patient’s chest wall compliance. 
One implication is that whole respiratory system indices, such as driving pres-
sure, might less reliably reflect lung stress than during passive ventilation. 
Additionally, abdominal muscle contraction may reduce the static stress associ-
ated with PEEP [68, 69] and alter the estimation of effort with esophageal pres-
sure if gastric pressure is not concomitantly measured [47, 54].

 2. All measurable indices of effort represent an ‘average’ measurement of the stress 
applied to the lung. Indeed, in spontaneous breathing, highly variable regional 
changes in esophageal and transpulmonary pressure have been reported, espe-
cially in the solid-like consolidated lung [70]. This may elicit pendelluft and 
negative pressure alveolar edema which could worsen P-SILI [47, 65]. Previous 

P. D. Collins et al.



279

Table 20.4 Stopping criteria during weaning from venovenous extracorporeal membrane oxy-
genation (VV-ECMO)

Parameter Values of concern Downsides
Oxygen saturation <88% Late sign of distress
Heart rate >110 Multifactorial causes
PaCO2 New respiratory 

acidosis
Late sign of distress

Respiratory rate >35 Late sign of distress
Tidal volume >8 ml/kg IBW Depends on respiratory system elastance
Driving pressure >15 cmH20 Evaluates lung and chest wall
P 0.1 >10 cmH2O May be falsely low in patients with respiratory 

muscle weakness
∆Pes <−15 cmH2O Requires an esophageal catheter
Pocc <−20 cmH2O Requires multiple manual maneuvers
Pmus

a >10 cmH2O Requires measurement (or estimation) of chest 
wall elastance

∆PL >20 cmH2O Requires esophageal catheter
Total lung stress 
(PEEPL + ∆PL)

Unknown Difficult assessment of PEEPL in patients with 
abdominal contraction

PEEPL static stress associated with positive end-expiratory pressure (PEEP), IBW ideal body 
weight, PL transpulmonary pressure
aRespiratory muscle pressure (Pmus) can be derived from the esophageal pressure swing (∆Pes) and 
the estimated chest wall elastance. Alternatively, it can be estimated from −0.75 × Pocc

studies found that the ratio of esophageal pressure to transpulmonary pressure 
swings correlated with failure of non-invasive ventilation (NIV) and the authors 
suggested that a higher effort (esophageal pressure) to achieve the same stress 
(transpulmonary pressure) might be an index of regional differences in transpul-
monary pressure [71]. However interesting, this hypothesis still needs to be veri-
fied. Finally, PEEP may increase lung homogeneity and may reduce pendelluft 
and regional stress [72, 73]. However, its downsides must be kept in mind.

Importantly, if the patient is breathing spontaneously, the development of hyper-
capnia or respiratory distress are late signs (panel b, Fig. 20.3). Accordingly, mea-
surement of drive and effort is essential to optimize mechanical ventilation and 
avoid exposing the patient to P-SILI and premature decannulation. Even with ‘pro-
tective’ parameters measured from the airway, the spontaneous effort to maintain 
normocapnia can generate enormous transpulmonary pressures [74]. Increased tidal 
volumes (driven by increased dead space) and new tachycardia predicted unsafe 
decannulation in a recent case series, but change in esophageal pressure of 
>16 cmH2O had the greatest accuracy [23]. Furthermore, the magnitude of sponta-
neous effort measured by esophageal pressure swings is prognostic for the failure of 
respiratory support in acute hypoxic respiratory failure in other settings [71, 75].
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Fig. 20.3 Our process for weaning venovenous extracorporeal membrane oxygenation 
(VV-ECMO). Panel a: sequence for VV-ECMO weaning. Throughout, monitor for stopping crite-
ria. Panel b: as sweep gas flow (SGF) is weaned, the proportion of metabolically produced CO2 
cleared by the natural lung (V′CO2NL/V′CO2tot) increases. In patients who are not yet suitable for 
decannulation, this load can only be managed with excessive effort (see next panels). Ventilatory 
efficiency can be expressed as the ratio of the effort (or minute ventilation) to the V′CO2NL. In 
patients who fail a weaning trial this efficiency is usually lower, and may worsen as the demands 
on the respiratory system rise. If they are not able to clear all of the metabolically produced CO2, 
then hypercapnia ensues. Panel c: Monitoring drive and effort during a weaning trial. Waveforms 
during a pressure supported breath, an expiratory occlusion throughout an inspiratory cycle and an 
end inspiratory occlusion. Panel d: targets to maintain during a trial off VV-ECMO, including 
measures of drive (P0.1), effort (Pocc or ∆Pes if available), stress (∆PL or DP if not available), and 
native lung ventilator efficiency (∆Pes/V′CO2NL, endtidal CO2 to arterial CO2 ratio (ETCO2:PaCO2) 
or the ratio of minute ventilation to clearance (VE/V′CO2NL). Efficiency should not worsen during 
a trial. TV tidal volume, P0.1 pressure deflection during 100 ms of occlusion, Pocc maximal pressure 
deflection during occlusion, ∆Pes esophageal pressure swing, ∆Paw plateau after inspiratory inclu-
sion, including the rebound pressure from relaxing inspiratory muscles, ∆PL transpulmonary pres-
sure, FdO2 the fraction of oxygen of the SGF. (Figure created using with BioRender.com)
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20.4  A Proposed Approach to Weaning

Our approach to weaning has been described previously [18] and is represented in 
Fig. 20.3. Prior to commencing weaning, comprehensive assessment of respiratory 
drive, effort, mechanical ventilation, and the CO2 clearance capacity of the lung 
should take place, both to optimize mechanical assistance and as a baseline mea-
sure. The V′CO2NL should be at least 50% of the total metabolically produced car-
bon dioxide. Our preference is for patients to be on a spontaneous or assisted mode 
of ventilation. First the FiO2 is set to 0.6 in anticipation of reducing V′O2ML and to 
avoid alveolar hypoxia as the respiratory quotient is changed during weaning. The 
ECBF is held static unless there is suspicion of an intracardiac shunt. Next, the FdO2 
is sequentially weaned in 5 min intervals, allowing for re-establishment of hypoxic 
pulmonary vasoconstriction and potentially increasing native ventilatory efficiency 
with improved V/Q matching. If an FdO2 of 0.21 is tolerated, the SGF is sequen-
tially decreased to zero in 5–10 min intervals. As the V′CO2ML falls, the V′CO2 of 
the natural lung should rise if the patient is ECMO independent and monitoring 
continues to ensure that this is not at the cost of injurious effort or stress. In all 
patients, the total V′CO2 will rise due to the increasing work of breathing to manage 
the load from the V′CO2ML. Depending on the pulmonary mechanics and ventilatory 
efficiency, in some patients the native lungs will not be capable of managing this 
load and they will demonstrate increasing respiratory drive, effort, minute ventila-
tion, sympathetic activation, and ultimately hypercapnia. Time to equilibrate at each 
step is essential in order to fully assess response and prevent P-SILI. Throughout, 
multimodal monitoring is continued, and the weaning test is stopped if there are 
indices of concern (see Table 20.3 and Fig. 20.3). As decannulation itself often pro-
duces a systemic inflammatory response in the subsequent days (which may create 
V′CO2 and V′O2 demands beyond those experienced during the weaning test) our 
preference is for a conservative approach to decannulation and a trial off SGF 
of 24 h.

20.5  Conclusion

The rationale for the use of VV-ECMO in ARDS and other forms of severe respira-
tory failure is becoming clearer. However, variation in mortality between centers [8] 
and a lack of prospective randomized evidence regarding the management of 
patients on VV-ECMO means there is a strong scientific rationale for further study. 
Early, safe liberation from VV-ECMO has the potential to hasten patient recovery 
and maintain equity of access to other patients who may benefit from this effective 
but scarce and intensive treatment. Although there is not yet high-grade evidence to 
guide clinicians, we have outlined an approach to weaning underpinned by physiol-
ogy. The feasibility of weaning from VV-ECMO should be considered daily. We 
advocate separating the ability of the natural lung to provide O2 and remove CO2 by 
weaning the FdO2 prior to the SGF. The complex interactions between the determi-
nants of respiratory drive, patient effort, and ventilatory assistance, lung mechanics 
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and efficiency of V’CO2NL will determine the outcome of a weaning trial. Care must 
be taken to avoid occult P-SILI in patients making spontaneous breathing effort and 
we advocate multimodal assessment of drive, effort, and stress throughout the 
weaning process.
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21.1  Introduction

Extracorporeal carbon dioxide removal (ECCO2R) is an extracorporeal lung support 
system designed to remove carbon dioxide (CO2) from the blood through an artificial 
membrane lung. The concept of ECCO2R was introduced in the 1970s by Kolobow 
et  al. as a possible strategy to decrease minute ventilation and allow protective 
mechanical ventilation in patients with acute respiratory failure [1–3]. The original 
idea was to develop a treatment capable of splitting the physiological relationship 
between partial pressure of CO2 (PCO2), CO2 production, and alveolar ventilation, 
that is described by the equation:

 PCO VCO VA k2 2= × /  

where (1) PCO2, in healthy people, is almost identical in the alveolar gas and the 
arterial blood; (2) V

.
CO2 is the CO2 eliminated with ventilation, which, at a steady 

state, is equal to the CO2 produced by the body metabolism; (3) VA is the alveolar 
ventilation; and (4) k is a constant.
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Animal studies demonstrated that by removing the entire metabolic CO2 produc-
tion through a membrane lung, it was possible to obtain apnea and to keep the ani-
mal alive for hours while administering intratracheal oxygen to maintain a stable 
level of blood oxygen [1–3].

In the subsequent years, ECCO2R has been proposed as a treatment for acute 
respiratory distress syndrome (ARDS) [4], chronic obstructive pulmonary disease 
(COPD) exacerbation [5], acute asthma [6, 7], patients waiting for lung transplanta-
tion [8–10], and as a strategy to avoid endotracheal intubation or fasten extubation 
[11]; however, among the clinical community, a consensus regarding clinical indi-
cations for ECCO2R is still lacking.

Low (300–500 ml/min) and high (>800 ml/min) blood flow ECCO2R devices are 
currently available and are characterized by different amounts of removed CO2 and 
different clinical applications. Specifically, devices enabling a higher level of CO2 
extraction seem to be required to control the respiratory drive in spontaneously 
breathing patients with ARDS and to limit patient self-inflicted lung injury (P-SILI) 
[12, 13]. Lower CO2 extraction can be sufficient in patients with COPD exacerba-
tion. Azzi et al. described that ECCO2R in patients with acute COPD exacerbations 
unresponsive to non-invasive ventilation (NIV) was associated with improvement in 
pH and PaCO2 and enabled endotracheal intubation to be avoided in 85% of 
cases [14].

The multicenter SUPERNOVA clinical trial demonstrated that ECCO2R could 
be used to treat respiratory acidosis and enable ultra-protective ventilation in 
patients with moderate ARDS; however, it also reported a relatively high number of 
adverse events, mainly hemorrhagic complications, and highlighted the need for a 
larger trial to assess the risk/benefit ratio of this strategy [12]. The more recent 
REST trial [15] compared lung ultra-protective ventilation associated with ECCO2R 
versus conventional low tidal volume ventilation and failed to show any benefit in 
90-day mortality; it was stopped early because of futility. Higher rates of adverse 
events, mainly intracranial hemorrhages, were reported in the ECCO2R group rais-
ing significant concerns about the safety of the treatment.

To overcome these limitations, improvements in the available technology are 
required. Specifically, developing clinically effective systems that do not need sys-
temic anticoagulation could reduce the risk of hemorrhagic complications and 
increase clinical use of the treatment. Optimizing the biocompatibility of artificial 
lung membranes could solve this problem but, to date, none of the available surface- 
coating techniques are sufficiently effective to fully overcome the need for systemic 
anticoagulation. However, promising alternatives are currently undergoing preclini-
cal evaluation and may become available in the near future [16].
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Another possible solution could be the regional anticoagulation of the blood 
flowing through the extracorporeal circuit. Indeed, trisodium citrate-based regional 
anticoagulation [17, 18] is universally applied during continuous renal replacement 
therapy (CRRT). Unfortunately, this solution can be applied only to low blood flow 
treatments, which may be insufficient to reach a clinically relevant efficiency of CO2 
extraction. Alternative approaches for regional anticoagulation are currently being 
investigated, based on the concomitant administration of heparin and protamine 
[19] or on ion-exchange resins for calcium removal [20], but they still seem to be 
indicated for low blood flow devices.

Enhancing CO2 removal efficiency by increasing the CO2 extraction at a defined 
blood flow may enable effective ECCO2R treatment to be combined with the low 
blood flows required for regional anticoagulation. Furthermore, enhanced CO2 
removal efficiency may favor the integration of technologies for multiple organ 
support.

After a brief description of the physiological bases, we will review the strategies 
proposed to enhance ECCO2R efficiency.

21.2  Blood CO2 Transportation

Carbon dioxide is transported in the blood in three forms: (1) dissolved, (2) as bicar-
bonate (HCO3

−), and (3) combined with proteins as carbamino compounds, see 
Fig. 21.1, Panel a. Notably, the blood PCO2 is directly proportional to the amount of 
dissolved CO2, which is about 5% of the total CO2 content in arterial blood. Most of 
the CO2 is hydrated and is transported as bicarbonate ions. This reaction occurs 
primarily inside the red blood cell (RBC) due to the presence of carbonic anhydrase 
and is sustained by the exchange movement of bicarbonate and chloride across the 
RBC membrane. Interestingly, this reaction in the lungs (natural or artificial), where 
CO2 is removed from the blood, produces an alkalization of the RBC, which facili-
tates the uptake of O2 and the release of CO2 by hemoglobin, while the opposite 
occurs in the tissue. The remaining CO2 forms carbamino compounds reacting with 
the amino group of proteins, primarily hemoglobin, especially in the reduced form 
(Fig. 21.1, Panel b).

One liter of arterial blood of a healthy person contains about 500 ml of CO2, 
which is about 2.5 times higher than the O2 content (200 ml/l blood). Notably, the 
total arteriovenous CO2 difference is approximately 60% attributable to the bicar-
bonate ion, 30% to the carbamino compounds, and the remaining 10% to the dis-
solved form.
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Fig. 21.1 Blood CO2 transportation. Panel (a). CO2 is transported in the blood in three forms: (1) 

dissolved, (2) as bicarbonate (HCO3
−), and (3) combined with proteins as carbamino compounds. 

Panel (b). Most of the CO2 is hydrated and is transported as bicarbonate ions. This reaction occurs 
primarily inside the red blood cell due to the presence of carbonic anhydrase and is sustained by 
the exchange movement of bicarbonate and chloride across the red blood cell membrane
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21.3  Factors Affecting Extracorporeal CO2 Removal

O2 and CO2 diffuse through the lungs, both native and membrane, proportionally to 
the difference in partial pressure across the membrane separating the gas and blood 
phases and the gas exchange surface, and inversely to the distance across the mem-
brane. Although technological development led to the availability of highly perfor-
mant artificial lungs, membrane lung gas exchange efficiency remains much lower 
than that of the native lung. This is due to a much smaller exchange surface (<2.5 
vs. >100 m2) and surface area to blood volume ratio (∼30 vs. ∼300 cm−1) and a 
greater distance between gas and blood phases (∼20 vs. ∼1 μm). Modern membrane 
lungs are constituted by microporous hollow fiber membranes made with hydropho-
bic polymers. The extracorporeal blood flows outside the fibers while the sweep gas 
flows inside the fiber lumen.

Extracorporeal CO2 removal depends on several factors, such as the PCO2 of the 
blood entering the membrane lung (PCO2-in), the design of the membrane lung, the 
extracorporeal blood flow, and the sweep gas flow [21–24]. During venous-venous 
extracorporeal membrane oxygenation (VV-ECMO), a form of extracorporeal 
respiratory support that employs high blood flows, the sweep gas flow is commonly 
used to titrate PaCO2 and the ratio between gas flow and blood flow is often <2:1. 
With low blood flow ECCO2R, higher gas flow to blood flow ratios must be 
employed.

Pivotal data from Kolobow et al. showed that the extraction of CO2 by spiral- 
coiled membrane lungs made with silicon rubber increased proportionally to the 
PCO2-in and the logarithm of the blood flow [2]. Karagiannidis et al., in a porcine 
model with a CO2 production similar to an adult human, showed that with a poly-
methylpentene membrane lung, low blood flow rates (250–500 ml/min) were not 
sufficient to correct severe hypercapnia, neither were membrane lungs with large 
lung surface area (up to 1.3 m2). In this model, amelioration of the respiratory aci-
dosis was obtained only when the blood flow was increased from 750 to 1000 ml/
min with a membrane lung surface area of at least 0.8 m2. Low surface membrane 
lungs (0.4 m2) were not sufficient to completely correct respiratory acidosis even 
with the higher blood flow used in the study (1000 ml/min) [21]. These data high-
light that, with the available technology, increased CO2 removal may be obtained by 
employing membrane lungs with a high surface area and a blood flow of at least 
750 ml/min.

Similarly, Strassmann et al. investigated the impact of sweep gas flow (from 2 to 
8 l/min) on CO2 removal and found that it depended predominantly on blood flow 
rate and membrane lung area [23]. This finding was also confirmed by Duscio et al., 
who showed that the extracorporeal CO2 extraction increased linearly with increas-
ing blood flow and PCO2-in, but had no relationship with the sweep flow [24].

It has been shown that an intermittent ‘high gas flow recruitment maneuver’ is an 
effective procedure to improve membrane lung CO2 extraction by decreasing the 
dead space associated with water vapor trapping within the hollow fiber membrane 
lungs [25].
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Recent studies investigated the role of hematocrit as a factor affecting extracor-
poreal CO2 extraction, as previously documented in studies of the native lungs. In 
an in vitro model, May et al. found a significant and linear correlation between the 
hematocrit of the blood entering the membrane lung and the CO2 extraction [26]. 
Specifically, a reduction in hematocrit from 33% to 8% led to a reduction in CO2 
removal between 32 and 42%.

21.4  Novel Strategies to Enhance the Efficiency 
of Extracorporeal CO2 Removal

21.4.1  Blood Mixing

Some strategies promote CO2 removal by increasing blood mixing within the mem-
brane lung, which eventually helps to maximize the PCO2 gradient across all hollow 
fiber membranes. The clinically available Hemolung RAS system (ALung, 
Pittsburgh, PA), although featuring a relatively small membrane surface (0.59 m2), 
has the potential advantage of having the hollow fibers positioned around the cen-
trifugal pump, thus increasing blood mixing. Incremental changes in sweep gas 
flow, up to 10 l/min, were tested in 8 patients with acute exacerbations of COPD, 
median PaCO2 of 61 mmHg (range = 56–85 mmHg) and blood flow 390 ± 50 ml/
min [27]. This study, in agreement with the literature, showed a nonlinear relation-
ship between sweep gas flow and CO2 extraction, which reached a plateau between 
4 and 6 l/min. Indeed, increasing the sweep gas flow rate resulted in a loss of effi-
ciency, thus no additional CO2 clearance could be obtained above a certain level of 
gas flow.

Jeffries et al. developed a prototype membrane lung featuring six rotating impel-
lers (rotation speeds up to 5000 rpm) surrounded by hollow fiber membranes able to 
generate active mixing and to optimize the blood flow distribution within the mem-
brane lung [28]. The in vitro tests showed a conspicuous increase in CO2 removal, 
increasing the rotation speed from 0 to 2000 rpm, while acceptable hemolysis was 
detected.

21.4.2  Bicarbonate Removal

Since most blood CO2 is transported as bicarbonate ions, many researchers pro-
posed to enhance CO2 extraction through bicarbonate removal. These strategies, 
named respiratory dialysis, are primarily based on hemodiafiltration systems that 
use replacement solutions with a bicarbonate concentration lower than the blood 
concentration. The major challenge of removing CO2 as bicarbonate is to safely 
replace the bicarbonate ions without incurring hydro-electrolytic and acid-base 
derangements.

Historical data report hypoxemia in patients with chronic renal failure undergo-
ing acetate-bath hemodialysis (replacement solution with acetate instead of 
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bicarbonate). This common complication was attributed to the decrease in minute 
ventilation due to the CO2 loss through the dialyzer [29]. Recently, Cove et  al. 
developed a dialysis system aimed at removing CO2 by dialyzing the blood with a 
novel dialysate solution (Bicarb16) with the following composition: 140  mmol/l 
sodium, 111  mmol/l chloride, 3  mmol/l lactate and 16  mmol/l bicarbonate. The 
dialysate pH was subsequently titrated to 10 by adding hydrochloric acid [30, 31]. 
This system was tested for 3 hours in hypercapnic swine with blood and dialysate 
flows of 400 ml/min. At constant minute ventilation, PaCO2 decreased from 104 ± 8 
to 74 ± 8 mmHg with a calculated CO2 removal of 101 ± 13 ml/min. A minimal 
increase in plasma sodium and chloride concentration was detected, but no hemoly-
sis. These results were achieved at the expense of an extremely high dose of CRRT 
(mean dose received 390 ml/kg/h) that was required since the bicarbonate concen-
tration of the replacement solution was 16 mmol/l.

A similar setup but with a postfilter replacement solution with no bicarbonate 
content (composition: NaCl 110 mmol/l, NaOH 26 mmol/l, K+ 4.4 mmol/l, PO4

2− 
3 mmol/l, MgSO4 2.1 mmol/l, glucose 80 mg/dl) was tested by the group of Kolobow 
in sheep. The replacement solution was infused into a dedicated centrifugal pump 
chamber positioned after the hemofilter to reduce the possible hemolysis due to its 
extremely high pH (12.04). The blood flow was 378 ± 99 ml/min. Minute ventila-
tion was reduced to 50% while the ultrafiltrate flow (determinant of CO2 extraction) 
was set to maintain a constant PaCO2 ∼ 37 ± 2 mmHg. With a mean ultrafiltrate flow 
ranging from 109 ± 19 to 117 ± 23 ml/min, the average CO2 removal was 60 ± 11 ml/
min (0.53 ± 0.04 ml CO2 per ml of ultrafiltrate) [32].

Although dialytic strategies aimed to remove bicarbonate and to employ custom- 
made replacement solutions with low bicarbonate concentration are still not clini-
cally available, the combination of low blood flow ECCO2R and CRRT with 
standard replacement solutions (containing physiological concentrations of bicar-
bonate ions) has been increasingly applied in clinical practice. A more complex 
approach combining multiorgan support within one single hemodialysis device has 
been introduced with the advanced organ support (ADVOS) therapy (ADVITOS 
GmbH, Munich, Germany) [33]. Although initially designed for kidney and liver 
support and acid-base balance correction, this commercially available device, with-
out any artificial lung, enables extracorporeal CO2 extraction primarily through 
bicarbonate removal [34]. The ADVOS system consists of an extracorporeal blood 
circuit featuring a pump (blood flows 100–400 ml/min) and two parallel high-flux 
dialyzers along the blood stream and a closed dialysate loop circuit primed with an 
electrolyte solution added with albumin. The dialysate circuit splits into two paths 
involving the infusion of an acid or a basic solution (solution infusion rate 
160–320 ml/min), respectively. Subsequently, after the pre-dilution, the dialysate is 
ultrafiltered within two high-flux filters before reaching, reunited, the blood hemo-
filter. CO2 removal could be achieved on both the dialysate paths since the acid 
solution does not contain any form of CO2 while the alkalotic solution could be 
provided with zero CO2 (BC-Bic0) or containing low concentrations of Na2CO3 
(BC-Bic20). In an in vitro study, Perez Ruiz de Garibay et al. showed, with a blood 
flow of 400 ml/min, CO2 removal as high as 142 ± 17 and 77 ± 20 ml/min with 
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BC-Bic0 and BC-Bic20, respectively, but the inlet blood PCO2 and HCO3
− concen-

trations were very increased [34]. In a subgroup of experiments with inlet blood gas 
kept within physiological ranges, the highest CO2 removal was 61  ±  7  ml/min 
achieved with BC-Bic0 ml/min.

Allescher et al. applied the ADVOS system to nine hypercapnic patients with 
moderate to severe ARDS.  The median blood flow was 300  ml/min (IQR: 
250–300 ml/min). The median CO2 removal was 49 ml/min (IQR: 27–72 ml/min) 
although, during some treatments, CO2 removal as high as 160 ml/min was achieved 
[33]. Interestingly regional citrate anticoagulation was always applied alone (8%) or 
in combination with unfractionated heparin infusion (92%).

21.4.3  Carbonic Anhydrase

In the 1970s, Broun and co-workers introduced the idea of promoting the transfer of 
CO2 across membranes by covering the membrane with carbonic anhydrase [35], 
which accelerates the conversion of bicarbonate to CO2. This concept was applied 
to ECCO2R, immobilizing carbonic anhydrase to the external surface (blood side) 
of the hollow fiber membranes of the artificial lung to promote the conversion of 
bicarbonate to CO2, resulting in increased blood PCO2 and, subsequently, enhanc-
ing CO2 transfer efficiency. Several strategies of carbonic anhydrase immobilization 
have been tested, showing different degrees of lost carbonic anhydrase activity [36]. 
Arazawa et  al. reported a 37% increase in CO2 removal across membrane lungs 
coated with carbonic anhydrase (via glutaraldehyde crosslinking and chitosan teth-
ering) compared to conventional membrane lungs [37]. Moreover, several studies 
have reported improved hemocompatibility of membranes with immobilized car-
bonic anhydrase compared to unmodified membranes [38, 39]. To date, membrane 
lungs coated with carbonic anhydrase are still not clinically available.

21.4.4  Acidification

Since the majority of blood CO2 is combined with water to form bicarbonate ion 
according to the equation CO2 + H2O ↔ H2CO3 ↔ H+ + HCO3

−, the acidification of 
blood entering the membrane lung could shift the equilibrium from bicarbonate ion 
towards dissolved CO2 with subsequent increase in blood PCO2 and CO2 gradient 
across the membrane lung, thus theoretically leading to enhanced extracorporeal 
CO2 extraction. Pesenti et al. tested this hypothesis in an experimental in vivo study 
and demonstrated that lactic acid infusion in the blood entering the membrane lung 
resulted in increased CO2 transfer capacity [40]. A relationship between the acid 
infusion rate and the CO2 removal was also described. Specifically, with a blood 
flow set to 500 ml/min, acid infusion at 1, 2, and 5 mEq/min increased membrane 
lung CO2 extraction up to 11, 23, and 70%, respectively, while keeping PCO2-in 
constant (47 ± 5 mmHg) [40]. Lactic acid was initially chosen because it is quickly 
metabolized, and its blood concentration could easily be monitored at the bedside. 
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However, two different classes of acids can be used to obtain blood acidification: 
metabolizable and not-metabolizable. Differently from metabolizable acids, non- 
metabolizable acids require extracorporeal removal to prevent blood accumulation. 
Metabolizable acids, such as lactic, citric, and acetic acid, are energetic substrates 
and could be metabolized by organisms, thus affecting total CO2 production [41]. In 
fact, without metabolic control (constant caloric intake) during metabolic acid infu-
sion, increased CO2 production is possible, thus negatively affecting the potential 
decrease in alveolar ventilation due to the acidification. It has been demonstrated 
that lactic acid infusion, compared with isocaloric glucose infusion, is associated 
with a slight increase in CO2 production [42]. Interestingly, citric acid infusion may 
allow concurrent regional anticoagulation (due to the chelating power of citrate for 
calcium ions) and enhancement of CO2 removal as demonstrated in an in vitro study 
on human blood [43]. Unfortunately, body citrate clearance does not allow high 
infusions of citrate, thus requiring external extracorporeal techniques to prevent 
systemic citrate accumulation if blood flows higher than 200–250  ml/min are 
employed.

To avoid direct acid infusion in the blood and allow infusion of highly concen-
trated acids, our group implemented a veno-venous circuit with a hemofilter and a 
closed dialysate loop (obtained connecting the two dialysate ports of the hemofilter) 
placed on the blood line before the membrane lung. The acid infusion in the dialy-
sate enabled us to demonstrate in vivo the feasibility and the safety of blood acidifi-
cation up to 48 h as a strategy to enhance extracorporeal CO2 removal [44].

To minimize blood contact with non-biological surfaces, we tested a further 
strategy placing a membrane lung on the dialysate loop downstream of the dialysate 
acidification. This ECCO2R technique gave a substantial increase in CO2 removal 
but was less efficient compared to dialysate acidification with membrane lung on 
blood (about 15% less), mainly due to the absence of carbonic anhydrase in the 
dialysate and subsequent decreased shift of bicarbonate towards dissolved CO2 [45].

Acidification with non-metabolizable acids, such as hydrochloric acid, although 
highly efficient in enhancing CO2 removal and not increasing CO2 production, 
requires a dedicated system or a technique to prevent the systemic accumulation of 
the infused acid.

To overcome the issues associated with metabolizable and non-metabolizable 
acids we developed a complex system based on electrodialysis. This technique is 
based on a electrodialytic chamber, placed on the dialytic circuit, that exploits elec-
tric current to separate positive and negative charges, thus creating a compartment 
enriched with Na+ ions, the alkaline side, and a compartment enriched with Cl− ions, 
the acid side. The acid side allowed acidification without any requirement for exter-
nal acid infusion, whereas the alkaline liquid, reinfused in a central vein, maintains 
electrolyte equilibrium. Electrodialysis showed extremely high efficiency in CO2 
removal and significant decrease in minute ventilation (up to 70%) was possible, but 
was associated with a low safety profile because of the presence of an extremely 
alkalotic environment. Furthermore, this technique also required calcium removal 
to avoid its precipitation in the alkalotic lines, thus adding further complexity to the 
system, and was associated with H2 and O2 production [46].
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Ion-exchange resins allowing acidification through sodium removal in exchange 
with protons were tested as a further possible strategy to enhance CO2 removal 
without the technical complexity of electrodialysis. However, despite showing high 
efficiency in CO2 removal (membrane lung CO2 extraction increased up to 145 ml/
min and minute ventilation decreased up to 70%), this strategy was also associated 
with a very low safety profile because of the infusion of highly alkalotic NaOH 
solutions to replace the removed sodium and to maintain electrolyte equilib-
rium [47].

Interestingly, Arazawa et al. tested the effect of ventilating a carbonic anhydrase- 
coated membrane lung with an acidifying sweep gas (2.2% sulfur dioxide), showing 
more than double CO2 removal vs. conventional techniques. Although promising, 
further improvements are required to promote the removal of accumulating exoge-
nous sulfites [48].

Our group also performed an in vitro study to test a technique to enhance CO2 
removal based on membrane lung ventilation with a sodium hydroxide solution 
with high CO2 absorption [49]. The so-called “alkaline liquid ventilation” proved to 
be safe and was associated with significantly higher CO2 removal capacity com-
pared to conventional gas ventilation.

21.5  Limitations

Although enhancing the efficiency of ECCO2R may increase the overall safety pro-
file of the treatment, it may foster some known adverse events. First, an effective 
ECCO2R treatment leads to a significant decrease in a patient’s minute ventilation, 
thus promoting a reduction in alveolar PO2; if this target is achieved with a highly 
efficient technique, i.e., with low blood flows, the risk of hypoxemia is increased, 
thus preventive strategies such as an increase in FiO2 and or positive end-expiratory 
pressure (PEEP) would be mandatory. Second, at low blood flows, the risk of hemo-
lysis is increased due to the design of the available centrifugal pumps [50]. Third, 
the increased transit time through the membrane lung due to the low blood flow may 
have a negative impact on the coagulation and inflammatory systems.

21.6  Conclusion

Although recent trials have highlighted some limitations associated with ECCO2R 
support, we believe the rationale for applying ECCO2R in patients with acute or 
chronic respiratory failure remains extremely solid. An enhanced ECCO2R system 
could help to overcome some of the technical limits now affecting the treatment. 
Today, effective interventions to increase the efficiency of CO2 extraction are still at 
a preclinical stage. A synergic combination of some of the reported strategies could 
expedite the clinical transition of a safe and effective technology. Moreover, com-
bining ECCO2R with regional anticoagulation could represent a critical approach to 
reduce the risk of hemorrhagic complications and to foster the implementation of 
modular multi-organ support.
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22Extracorporeal Cardiopulmonary 
Resuscitation for Out-Of-Hospital 
Cardiac Arrest: A Systematic Approach

D. Rob and J. Bělohlávek

22.1  Introduction

Despite intensive efforts to improve out-of-hospital cardiac arrest (OHCA) outcomes, 
survival rates at hospital discharge are very low, on average 8%, varying from 0% to 
18% in Europe [1]. Most of the resuscitated OHCA patients are refractory to standard 
advanced cardiac life support (ACLS) and never achieve return of spontaneous circu-
lation (ROSC) [2]. Veno-arterial extracorporeal membrane oxygenation (VA-ECMO) 
implantation during ongoing resuscitation, a method called extracorporeal cardiopul-
monary resuscitation (ECPR) effectively restores circulation, provides cardiopulmo-
nary support, and serves as a bridge to recovery from multiorgan failure in patients 
with refractory OHCA [2, 3]. Two single center randomized trials (ARREST and 
Prague OHCA) have been published with results suggesting possible benefit of 
advanced logistics and ECPR over standard ACLS [2, 3]. Despite encouraging results 
from the randomized trials, published ECPR studies vary widely in terms of prehos-
pital system of care, eligibility criteria, transport of patients, ECPR strategy (in-hospi-
tal vs. pre-hospital), and outcomes [2–7]. Implantation of VA-ECMO is only one of 
many steps required to achieve good outcomes in patients with refractory OHCA. A 
key prerequisite for a successful outcome is a systemic approach including close col-
laboration between the providers of care, assurance of high quality resuscitation, 
proper patient selection, minimizing the time delays, treatment of the cardiac arrest 
cause, and comprehensive intensive care [2, 4, 5]. In this chapter, we provide a sum-
mary of the most important steps of ECPR (Fig. 22.1) based on published evidence 
and the authors’ experience.
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Fig. 22.1 Systemic approach (key steps) overview for extracorporeal cardiopulmonary resuscita-
tion (ECPR). ECMO extracorporeal membrane oxygenation, CAG coronary angiography, TTM 
therapeutic temperature management, CPR cardiopulmonary resuscitation, EMS emergency medi-
cal service, PCI percutaneous coronary intervention

22.2  System Design and Quality

Less than 10% of all OHCA patients are potential candidates for ECPR [2, 8]. 
Therefore, ECPR should be perceived as a complementary method provided in a 
well-organized system with high-quality conventional ACLS [2, 3, 5]. In such a 
system, ECPR represents an additional link of the chain of survival and the chain is 
only as strong as its weakest link [9]. Continuous efforts to achieve maximum rates 
of bystander and telephone-assisted cardiopulmonary resuscitation (CPR) are 
extremely important as these are associated with favorable long-term outcomes and 
are also increasing the pool of patients considered for ECPR [2, 3, 10, 11].

Another important prerequisite is close cooperation between the emergency 
medical service (EMS) and the cardiac arrest center. Thorough and repeated educa-
tion and training of EMS crews is necessary to increase early and correct recogni-
tion of potential ECPR candidates, ensure brief and informative phone calls between 
EMS and cardiac center coordinator, and provide rapid transport of a patient to a 
cardiac arrest center under high quality CPR [12]. An additional step is to raise 
awareness of the benefits of ECPR and provide feedback from the cardiac arrest 
center to EMS crews to keep them motivated for this demanding job.

There are currently several models of ECPR provision (in-hospital, pre-hospital, 
hybrid approach) [2, 3, 6]. In fact, each ECPR system is different, which is probably 
a consequence of the resuscitation system organization, local specificities (city/area 
size, population, traffic, number of EMS bases, centralized or de-centralized dis-
patch center, cardiac arrest centers, etc.) and experience. Due to the lack of com-
parative data and differences between systems and regions, it is difficult to make 
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Table 22.1 Pros and cons of different extracorporeal cardiopulmonary resuscitation (ECPR) systems

System Pros Cons
In-hospital •  Evidence of benefit from observational 

studies and two RCTs
•  Availability of ECMO team, 

fluoroscopy, ultrasound without 
additional delays and costs

•  Immediate advanced imaging like CT, 
CAG, and PCI

•  Potentially harmful intra-arrest 
transport

• Prolonged time to ECMO?
•  Delayed selection of appropriate 

patients
•  Increased workload and resources 

when ECPR not indicated
Pre-hospital • Uninterrupted on-scene resuscitation

• Reducing time to ECMO?
•  Earlier selection of appropriate 

patients

• Lack of evidence, no RCTs
• Challenging cannulation
•  Logistic barriers (extra mobile 

ECMO unit, extra highly trained 
staff)

• Resource demanding
Hybrid 
system

•  Tailored decision based on arrest 
location

• Reducing time to ECMO?

• Lack of evidence, no RCTs
• Logistic barriers
• Resource demanding

ECMO extracorporeal membrane oxygenation, PCI percutaneous coronary intervention, RCT ran-
domized controlled trial, CT computed tomography, CAG coronary angiography

any valid recommendation regarding the organization of ECPR services [2, 3, 6]. 
Although each model has strengths and limitations (Table 22.1), it is currently more 
important to focus on correct patient selection and time to VA-ECMO initiation, 
which are major determinants of ECPR outcome [2, 5, 6, 13].

In addition to a well-organized system, every cardiac arrest center should ensure 
the correct resuscitation and outcome data collection and benchmarking necessary 
for effective feedback, improvement, and experience sharing within the interna-
tional scientific community [14].

22.3  Patient Selection

Patient selection is the cornerstone of results as only carefully chosen patients have a 
chance for good neurological outcome despite prolonged resuscitation times [2, 3, 13]. 
Unfortunately, there is great complexity and interplay of factors influencing refractory 
OHCA outcomes (Fig. 22.2). Our experience suggests that it is very hard to reliably 
predict outcome prior to VA-ECMO insertion based on prehospital and admission data. 
Patients with unmeasurable pH, high lactate levels, and low-flow times over 60 min 
have survived with good neurological outcome [2, 15], and, vice versa, patients with 
more favorable parameters on admission have not. However, criteria that are too liberal 
can lead to burden on the system with unsalvageable patients supported by ECMO [5]; 
criteria that are too restrictive may mean that good ECPR candidates are missed, thus 
reducing the case volume size, which is important to establish experience and expertise 
[16]. This concern was recently confirmed by an observational study where retrospec-
tive application of the consensus criteria would have increased the survival rate of the 
ECPR cohort from 26% to 48% but would have excluded 58% of survivors [17].
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Fig. 22.2 Complexity, interplay of factors in refractory out-of-hospital cardiac arrest (OHCA) 
and extracorporeal cardiopulmonary resuscitation (ECPR) and ultimate time goals to achieve 
favorable outcome. ECMO extracorporeal membrane oxygenation, PCI percutaneous coronary 
intervention, TTM therapeutic temperature management, ACLS advanced cardiac life support, 
ROSC return of spontaneous circulation, CPR cardiopulmonary resuscitation

Several predictors of prognosis have been consistently identified across ECPR 
observational studies, including age, witnessed arrest, longer duration of no-flow 
and low-flow time, and initial rhythm [4, 5, 6, 13]. The Prague OHCA trial provided 
the first randomized data confirming a huge difference in refractory OHCA out-
comes between patients with shockable and non-shockable initial rhythms [2]. 
Survival at 180-days in the invasive arm occurred in 49% of patients with an initial 
shockable rhythm but in only 8% patients with a non-shockable rhythm [2]. It is 
also probable that the occurrence of a non-shockable rhythm after the first defibril-
lation or at hospital admission is associated with a worse prognosis, but this ques-
tion has not yet been studied in ECPR recipients. Of note, patients with intermittent 
ROSC and recurrent ventricular fibrillation represent the population that probably 
benefits the most from the ECPR approach [2, 3, 6, 13]. Taken together, it seems 
reasonable to limit use of ECPR to patients with an initial shockable rhythm, wit-
nessed arrest, presumed cardiac etiology, and age ≤70 years.

Based on the above criteria, the EMS crew can easily recognize a potential can-
didate for ECPR on arrival at the scene. After the initial procedures are performed 
according to the guidelines [14], with at least three defibrillations (in the case of 
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ongoing shockable rhythm) and airway management and while the patient is being 
resuscitated by other EMS team members, the first and direct contact with the car-
diac center coordinator by mobile phone should be established to discuss eligibility 
and ECPR team availability.

22.4  Transport

Time-to-ECPR is strongly associated with a favorable neurological survival [2, 3, 
18], but there is a narrow window where transport to ECPR may be considered [19, 
20]. It is difficult to balance the risks and benefits of early versus later transport 
because each case of CPR is unique, including the time required for initial proce-
dures and initiation of transport. We must emphasize that, despite intensive efforts, 
a first call made too late or transport that takes too long remain major and frequent 
problems, even within a randomized trial environment [2, 21]. Therefore, we rec-
ommend proceeding to the first telephone contact immediately after three initial 
defibrillations and airway management to review eligibility criteria and reach a final 
decision on intra-arrest transport no later than the 15th minute of ACLS. Thereafter, 
every effort must be made to reach the ECPR team within 50 but no later than 
60 min after the initial collapse or ‘911’ call. The use of defibrillation or other inter-
ventions during transport should follow resuscitation guidelines [14]. Special atten-
tion must be paid to the correct use of mechanical chest compression devices, 
maximizing their effectiveness and minimizing the risk of trauma.

The main risk of intra-arrest transport is that resuscitation quality may deterio-
rate, compared to on-scene CPR [19, 20]. This concern is based on observational 
data and was confirmed by the Prague OHCA study, in which patients in the inva-
sive arm undergoing intra-arrest transport less frequently arrived at hospital with 
ROSC compared to those with continued resuscitation on scene [2, 19, 20]. However, 
this potentially harmful effect of intra-arrest transport has been overcome with 
ECPR [2]. Based on the current evidence [2, 19, 20], we also suggest that routine 
intra-arrest transport without preestablished subsequent ECPR and intra-arrest 
transport of patients not eligible for ECPR should be strongly discouraged and all 
efforts must focus on high quality on-scene CPR to achieve sustained ROSC.

22.5  Patient Admission

Direct transport to the place where the ECPR team is prepared, without any intra- 
hospital delays, is of utmost importance. On admission, overall status, quality of CPR, 
ROSC presence and institutional criteria for ECMO initiation are reevaluated. This may 
occur during unloading the patient from the ambulance to minimize any further delays.

There are currently several different places in the hospital where ECPR is pro-
vided (catheterization laboratory, emergency department (ED), intensive care unit 
(ICU), operating room) but there are no evidence-based data enabling comparison 
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[5]. Both ARREST and the Prague OHCA trial used the catheterization laboratory 
as the place to provide cannulation and initial ECPR management [2, 3]. The cath-
eterization laboratory has several advantages over other places, namely high quality 
fluoroscopy, available ultrasound guidance, sterile conditions, specialists with 
extensive experience with large-bore percutaneous approaches, full equipment in 
case of troubleshooting, and the possibility of directly proceeding to diagnostic and 
therapeutic procedures that can reveal and reverse the underlying cause of refractory 
OHCA [2, 15].

The in-hospital ECPR team ideally consists of two interventionalists, two cath-
eterization laboratory nurses, and one perfusionist who focus on rapid ECMO can-
nulation and launch, and one intensivist with two intensive care nurses who continue 
with high quality CPR, perform brief echocardiography, ensure proper ventilation 
and monitoring, and provide general intensive care during the initial procedures. 
Formal plans detailing responsibilities and task division, and clear team communi-
cation are important for proper team cooperation [5, 9, 14].

22.6  ECMO Cannulation

The percutaneous modified Seldinger technique with ultrasound guidance com-
bined with fluoroscopic verification of wire positioning is the method of choice to 
achieve maximum rates of successful cannulation with minimal vascular complica-
tions within the in-hospital environment [12, 22]. Further, the risk of distal limb 
ischemia from the inserted femoral arterial cannula should be mitigated by placing 
a distal reperfusion cannula routinely under ultrasound and fluoroscopic guidance 
[2, 12, 22]. Skill and experience with large-bore sheath insertion is a recognized 
prerequisite for successful VA-ECMO insertion [2, 3, 13]. We suggest establish-
ment of a small team of highly experienced specialists with extensive expertise in 
cannulation (number of experts should reflect the number of ECMO cases) who can 
provide 24/7 service [2, 3, 13, 22].

22.7  Initial Diagnostic and Therapeutic Procedures

Following successful VA-ECMO initiation, most centers proceed directly to coro-
nary angiography as severe coronary artery disease is the main cause of refractory 
OHCA and percutaneous coronary intervention (PCI) is feasible in these patients 
with high success rates [2, 3, 15]. However, there is limited evidence suggesting the 
benefit of immediate PCI among refractory OHCA and ECPR patients [15, 23]. In 
recent years, many trials have failed to show any benefit of early revascularization 
in OHCA patients with stable spontaneous ROSC without ST elevation myocardial 
infarction [24]. Immediate PCI should probably be reserved for patients with acutely 
occluded or critically stenosed vessels with altered coronary flow only, because PCI 
of non-culprit lesions is associated with a risk of complications (vessel dissection, 
perforation, stent-thrombosis, contrast-induced nephropathy, etc), and the need for 
dual antiplatelet therapy which further increases the bleeding risk [24]. Moreover, 
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12-lead electrocardiogram (EKG) or any EKG for evaluating signs of myocardial 
ischemia is frequently not available in refractory OHCA patients simply due to the 
fact that the patients remain in cardiac arrest.

In the absence of obstructive coronary disease, based on the case presentation 
and rapid echocardiography evaluation, it is possible to proceed with invasive aor-
tography, ventriculography, or pulmonary angiography bearing in mind contrast 
agent sparing. A low threshold for whole body computed tomography (CT) is advo-
cated by the clinically important diagnostic yield (complications of CPR, intracra-
nial hemorrhage, cause of arrest) and its minimal risks. Early transesophageal 
echocardiography may also bring useful information both during initial cannulation 
(wire positions) and for determining the cause of arrest (aortic dissection, tampon-
ade, pulmonary embolism, etc.).

Currently, there are no data supporting targeted therapeutic hypothermia among 
ECPR patients and the result of the largest trial in OHCA patients with spontaneous 
ROSC did not show any benefit of hypothermia over strictly controlled normother-
mia [25]. We suggest active temperature management in all patients with refractory 
OHCA, targeting strict normothermia (<37.5 °C) or mild hypothermia of 36 °C in 
preference to 33 °C, as the lower temperature is associated with more complications 
[25]. Target core temperature should be maintained for 24 h followed by a slow rise 
in core temperature to normothermia of 37 °C during 8 h with a rewarming rate of 
0.5 °C/h. Fever should be avoided in all cases.

22.8  Intensive Care

After initial diagnostic and therapeutic procedures, the vital component of success 
is comprehensive intensive care, as multiorgan failure, infections, and bleeding 
occur in most ECPR recipients [2, 3]. A high-level of expertise is necessary to over-
come these complications and a centralized ECMO unit has been suggested as the 
preferred strategy [3, 13]. Despite the importance of intensive care recognized by all 
experts in the field [2, 3, 5], there is lack of data and evidence-based therapies tar-
geting major problems faced by intensivists in ECPR patients, namely brain edema 
and severe systemic inflammatory response syndrome (SIRS) with multiorgan fail-
ure (Table 22.2).

Bleeding complications remain another barrier on the path to achieving better 
results [2, 26]. This risk can be mitigated by ECMO cannulation under ultrasound 
and fluoroscopy guidance by an experienced operator, strict coagulation, and plate-
let level control, minimizing blood loss in case of bleeding (discontinuation of hepa-
rin, plasma and coagulation factor infusions, surgery), and early ECMO weaning 
when appropriate. Daily monitoring is required to provide early detection and treat-
ment of related complications. Prespecified institutional protocols should include 
careful monitoring of anticoagulation.

Further, there are few data on appropriate blood gas (PaO2 and PaCO2) targets 
[27]. Extreme variances in PaO2 and PaCO2 during the first hours and days have 
been linked with neurological complications and should be avoided by careful mon-
itoring and adjustment of ventilation and ECMO gas exchange [27]. However, our 
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Table 22.2 Major knowledge gaps for extracorporeal cardiopulmonary resuscitation (ECPR) and 
areas of possible future research

Area Gaps or targets
System design, coordination, 
and widespread use

In-hospital vs. pre-hospital vs. hybrid ECPR system comparison
Protocols and novel approaches to decrease time to VA-ECMO
Large, adequately powered, multicenter RCTs
Demographic definition of ECPR feasibility to assess equal 
access to treatment

Patient selection Early predictors of conventional CPR non-responders
Novel predictors of outcome, stratification scores
Outcome of ECPR in selected refractory OHCA patients with 
initial PEA

Transport Optimal time window for intra-arrest transport
Novel, improved mechanical chest compression devices
Intra-arrest target temperature management

Hospital treatment Influence of immediate PCI and (continued) TTM on ECPR 
outcome
Novel therapies to prevent and treat brain edema, SIRS, 
multiorgan failure (cytokine removal, selective brain 
reperfusion)
Ventilation, anticoagulation, left ventricle venting strategies

Outcomes Long-term survival, long-term neurological outcome, quality of 
life, organ donation, cost-effectiveness, and QALY analysis

VA-ECMO veno-arterial extracorporeal membrane oxygenation, TTM therapeutic temperature 
management, PCI percutaneous coronary intervention, SIRS systemic inflammatory response syn-
drome, QALY quality-adjusted life year, PEA pulseless electrical activity, RCT randomized con-
trolled trial

experience suggests that gas fluctuations are rather manifestation of severe SIRS 
with multiorgan failure than causative factors of poor neurological prognosis.

Another major complication that may occur after VA-ECMO implantation in 
refractory OHCA is the absence of left ventricular (LV) pulsatility and aortic valve 
opening despite restitution of a stable sinus rhythm [26]. ECMO retrograde blood 
flow increases LV afterload and LV end-diastolic pressure, which may lead to pul-
monary edema, LV blood stasis, and the risk of thrombosis [26]. The presence of LV 
pulsatility must be monitored by arterial waveform and echocardiography. The ini-
tial approach should be to keep ECMO flow as low as necessary for sufficient end- 
organ perfusion. This strategy is difficult to use in ECPR patients who frequently 
have severe shock and multiple organ dysfunction and need full ECMO support [2, 
3]. Inotropes may sometimes help to sustain LV contractility and aortic valve open-
ing at the expense of increased oxygen demand and increased risk of arrhythmias, 
but their effect is rather small. There are multiple LV unloading strategies currently 
used (transaortic percutaneous axial left ventricular support device, intra-aortic bal-
loon pump [IABP], septostomy etc.) but no firm evidence-based recommendations 
regarding the timing and method selection. Studies evaluating and comparing the 
most effective method for LV decompression are still missing [26].

Freely available psychological, palliative, and spiritual care should be offered to 
victims of cardiac arrest and to their relatives.
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22.9  Hospital Discharge and Long-Term Follow-Up

After successful ECMO weaning and awakening of the patient, most ECPR survi-
vors need complex care including physical and neurocognitive rehabilitation, nutri-
tion and resocialization, to be able to leave the hospital. But the story does not end 
at discharge. It is necessary to provide routine outpatient visits, as many ECPR 
survivors face ongoing health problems (‘vulnerable period’) and all efforts and 
finances spent on the acute care may be hampered by inadequate post-discharge 
care. Limited experience from a single center observational study suggests that 
ECPR survivors have a significantly lower quality of life compared to controls at 
12 months [28]. However, data regarding long term risk of cardiovascular events 
and survival are missing. As during intensive care, psychological, spiritual, or pal-
liative support should be available on an ambulatory basis, or even as a home care 
service.

22.10  Conclusion

ECPR can improve survival with good neurological recovery in refractory OHCA 
when performed within a well-coordinated system with high-quality ACLS. Proper 
patient selection, time to VA-ECMO initiation, an experienced team, and compre-
hensive intensive care are all key factors influencing the outcome. There are many 
knowledge gaps and a vast need for experimental, translational, and clinical research 
in the field of refractory OHCA and ECPR.
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23Temporary and Durable Mechanical 
Circulatory Support in the ICU

A. Pinsino, M. N. Gong, and M. Rahmanian

23.1  Introduction

Mechanical circulatory support has evolved dramatically in the last 30  years. 
Initial devices were pulsatile-flow paracorporeal pumps conceived to provide 
temporary support for selected hospitalized patients awaiting heart transplanta-
tion (bridge to transplant) [1], but technological advancements in the field have 
now resulted in continuous-flow, implantable, dischargeable left ventricular (LV) 
assist devices (LVADs) [2]. Contemporary, durable LVADs have shown a dra-
matic improvement in outcomes when compared with first-generation devices [3] 
and represent the only advanced therapy available to advanced heart failure 
patients deemed ineligible for transplantation (destination therapy). Concurrent 
with the evolution of long-term devices, the field has witnessed an expansion of 
available temporary mechanical circulatory support systems. Short-term mechan-
ical circulatory support is used, in addition to a bridge to transplant, as rescue 
therapy in patients whose candidacy for durable LVAD or transplant requires 
additional evaluation after improvement in end-organ perfusion (bridge to deci-
sion), or in patients with a potentially reversible cause of cardiac dysfunction 
(bridge to recovery). Temporary mechanical circulatory support is routinely used 
in the setting of cardiogenic shock complicating acute myocardial infarction, de 
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novo heart failure (e.g., myocarditis), and chronic heart failure. Other indications 
include post-cardiotomy shock, complications of heart transplant leading to car-
diogenic shock (e.g., primary graft dysfunction), and drug overdose resulting in 
cardiac depression (e.g., calcium channel blockers). An expanding indication for 
temporary mechanical circulatory support is represented by cardiac arrest (extra-
corporeal cardiopulmonary resuscitation [ECPR]).

As a result of the increased uptake of mechanical circulatory support, intensivists 
with different degrees of training and experience in the contemporary management 
of advanced heart failure and cardiogenic shock are increasingly likely to partici-
pate in the care of this patient population. Herein, we review the current options for 
mechanical circulatory support with a focus on the available devices and on the 
complications associated with their use, and we highlight the most recent contribu-
tions to the field.

23.2  Temporary Mechanical Circulatory Support

23.2.1  Devices

23.2.1.1  Intra-Aortic Balloon Pump
The intra-aortic balloon pump (IABP) is the most commonly used temporary 
mechanical circulatory support device due to its limited cost, wide availability, 
and facility of insertion. Using heliox to inflate a balloon placed in the proximal 
ascending aorta during diastole followed by a deflation in systole (Fig. 23.1a), 
IABP reduces LV afterload and facilitates coronary perfusion, resulting in a net 
improvement in the myocardial oxygen supply/demand ratio [4]. The increase 
in cardiac output generated by IABP support is modest (0.5–1.2  l/min) [5]. 
Although IABPs have been historically placed through the femoral artery, 
implantation of this device via the axillary artery allows ambulation and longer 
duration of support [6].

In the IABP-SHOCK II trial, routine use of IABP in patients with cardiogenic 
shock complicating myocardial infarction did not reduce mortality [7]. However, 
clinical equipoise persists among acute-on-chronic heart failure patients with car-
diogenic shock [5]. Additionally, IABP may be beneficial in patients with myocar-
dial infarction and cardiogenic shock who are supported with veno-arterial 
extracorporeal membrane oxygenation (VA-ECMO) [8].
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Fig. 23.1 Temporary mechanical circulatory support devices. (a) Intra-aortic balloon pump. 
(Figure from Getinge, reproduced with permission) (b) Impella 5.5. (Figure from Abiomed, repro-
duced with permission) (c) Protek Duo. (Reproduced from [42] under a Creative Commons 
Attribution 4.0 International License) (d) Veno-arterial extracorporeal membrane oxygenation. 
(Reproduced from [43] under a Creative Commons Attribution 4.0 International License)
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23.2.1.2  Impella
Impella (Abiomed, Danvers, MA, USA) is a catheter-based, micro-axial, continuous- 
flow device, which is available in different sizes and configurations. All the Impella 
devices are positioned in the left ventricle in a retrograde way through the aortic 
valve, with the exception of Impella RP, which is designed to provide right ventricu-
lar (RV) support and is inserted into the pulmonary artery via the femoral vein [9]. 
Impella CP is inserted percutaneously via the femoral artery and provides up to 4 l/
min of blood flow. Impella 5.0 and 5.5 require surgical cut-down, are inserted 
through the axillary artery, and can provide a peak flow rate of 5 to 6 l/min. Notably, 
Impella 5.5 has a new design without a pigtail, which reduces the risk of thrombus 
accumulation and allows longer duration of support, therefore representing an alter-
native to surgically implanted mechanical circulatory support (Fig. 23.1b) [10–12].

The use of Impella in cardiogenic shock is not supported by high-quality, pro-
spective evidence. In a recent retrospective analysis in a cohort of patients undergo-
ing percutaneous coronary intervention (PCI) for acute myocardial infarction, 
Impella use was associated with increased risk of mortality, bleeding, and kidney 
replacement therapy when compared with IABP [13]. This analysis, in line with 
prior studies that found an association between Impella use and worse outcomes 
[14], raises concern around the potential harm associated with these devices. The 
DanGer Shock study, an ongoing randomized controlled trial that is investigating 
the safety and efficacy of Impella CP in cardiogenic shock complicating myocardial 
infarction [15], will be completed by 2023.

23.2.1.3  Protek Duo
The Protek Duo (LivaNova, London, UK) is a dual-lumen cannula that is inserted 
via the right internal jugular vein and, in combination with an extracorporeal pump, 
can drain more than 4 l/min of blood from the right atrium to the pulmonary artery 
to support the right ventricle (Fig. 23.1c) [16]. It represents, together with Impella 
RP, an alternative to a surgically implanted RV assist device (RVAD).

23.2.1.4  TandemHeart
TandemHeart (LivaNova, London, UK) refers to an extracorporeal, centrifugal, 
continuous-flow mechanical circulatory support device and to a catheter produced 
by the same company that can be positioned in the left atrium via transseptal punc-
ture [12]. With a configuration that entails an inflow cannula inserted from the fem-
oral vein into the left atrium and an outflow cannula to the femoral artery, 
TandemHeart provides hemodynamic support up to 5 l/min. The use of TandemHeart 
as a percutaneous RVAD has also been described [17]. The main limitation prevent-
ing widespread use of TandemHeart is related to the need for transseptal  
puncture [11].

23.2.1.5  Veno-Arterial Extracorporeal Membrane Oxygenation
ECMO can provide hemodynamic support when used in a VA configuration, 
unlike the veno-venous configuration which is used primarily for respiratory fail-
ure. With VA-ECMO, deoxygenated blood is removed through a venous inflow 

A. Pinsino et al.



315

cannula and oxygenated blood returned to the arterial circulation through an out-
flow cannula (Fig.  23.1d). Cannulation for VA-ECMO can be either central or 
peripheral. With central cannulation, at least one cannula is placed through the 
chest wall, typically in the right atrium for the inflow cannula and in the aorta for 
the outflow cannula [18]. Central cannulation requires sternotomy and is therefore 
reserved for post- cardiotomy shock. Peripheral cannulation can be placed percu-
taneously or through surgical cut-down. While femoro-femoral cannulation is the 
most commonly used for peripheral VA-ECMO, cannulation via the internal jugu-
lar vein and axillary artery may allow early ambulation [19]. Unlike other forms 
of temporary mechanical circulatory support, VA-ECMO provides robust biven-
tricular support and respiratory support. In addition, peripheral cannulation can be 
quickly performed at the bedside.

Increasingly, VA-ECMO is being evaluated for hemodynamic support during 
cardiac arrest (ECPR). In a recent, single-center, randomized study (ARREST trial), 
VA-ECMO-facilitated resuscitation improved survival among patients with out-of- 
hospital cardiac arrest and refractory shockable rhythm [20]. The study was per-
formed at the University of Minnesota and randomized 30 patients with refractory 
shockable rhythm to VA-ECMO or standard advanced cardiac life support (ACLS). 
The trial was stopped at the first interim analysis due to the superiority of VA-ECMO, 
which resulted in a significant mortality benefit (43% rate of survival at discharge 
versus 7% in the standard ACLS group) and in an improvement in neurological 
outcomes. It should be noted that the results of the ARREST trial are not fully gen-
eralizable to clinical practice, since the study was performed in a center with exten-
sive ECPR experience and involved trained emergency medical services providers. 
In addition, the early stopping of the trial may have resulted in an overestimation of 
the benefits of ECPR.

Unlike IABP and Impella, VA-ECMO increases LV afterload, which can lead to 
LV distension and pulmonary edema. Strategies which can contribute to minimize 
or reduce LV distension include inotropic support or concomitant use of IABP or 
Impella to unload the left ventricle. In a recent retrospective study including over 
12,000 patients on VA-ECMO support, mechanical LV unloading by IABP or 
Impella was associated with lower in-hospital mortality [21]. Notably, in this analy-
sis, mechanical unloading by IABP was associated with a lower incidence of bleed-
ing and renal failure and a trend towards decreased mortality when compared with 
Impella.

23.2.1.6  Surgically-Implanted Temporary Ventricular Assist Devices
Surgically-implanted temporary mechanical circulatory support devices provide 
excellent long duration hemodynamic support (up to 10 l/min for the most common 
device, Centrimag [Abbott, Plymouth, MN, USA]) to left, right, or both (biventricu-
lar assist device [BiVAD]) ventricles. However, the use of these devices is limited 
by the need for median sternotomy for both implantation and explantation [11]. An 
alternative minimally invasive configuration, which combines Centrimag and 
ECMO has been described [22].
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23.2.2  Principles of Device Selection and Weaning of Temporary 
Mechanical Circulatory Support

Evidence guiding the selection of device and strategies for temporary mechanical 
circulatory support is limited. Current guidelines recommend an interdisciplinary 
approach to guide initiation and escalation of temporary mechanical circulatory 
support. In an effort to improve outcomes in cardiogenic shock through a timely use 
of temporary mechanical circulatory support, tertiary centers have created shock 
teams which include a heart failure cardiologist, a cardiothoracic surgeon, an inter-
ventional cardiologist, and an intensivist.

Several factors contribute to the selection of the appropriate option for temporary 
mechanical circulatory support. Patient-related factors include expected duration of 
support, likelihood of cardiac recovery, eligibility for heart transplantation or durable 
mechanical circulatory support, and specific hemodynamic profile. While the evi-
dence supporting the use of a pulmonary artery catheter is limited to retrospective 
studies, invasive hemodynamic assessment using a pulmonary artery catheter is rec-
ommended [23]. Patients with isolated LV failure may benefit from IABP or Impella 
support. Percutaneous options for isolated RV failure include Protek Duo and Impella 
RP.  Devices that provide biventricular support are VA-ECMO and Centrimag 
BiVAD. In addition, the severity of the shock should guide the device selection – as an 
example, a patient with profound left-sided shock is more likely to benefit from 
Impella 5.5 than from IABP or Impella CP. Lastly, in patients with severe respiratory 
failure (e.g., concomitant acute respiratory distress syndrome [ARDS]), VA-ECMO is 
the main option for temporary mechanical circulatory support.

Weaning from temporary mechanical circulatory support should be attempted 
daily [24], because longer duration of support is associated with worse outcomes. 
Patients with an improvement in the condition that required mechanical circulatory 
support (e.g., myocardial infarction), improving end-organ function, stable hemody-
namics on low-dose inotropic and vasopressor support, should undergo a weaning 
trial. While different approaches have been proposed, stepwise weaning of the device-
specific degree of support while on therapeutic anticoagulation is recommended [23]. 
If the patient tolerates weaning of mechanical circulatory support and the lowest sup-
port level (e.g., 1–2 l/min of flow for patients on VA-ECMO) is achieved and main-
tained with clinical stability as defined by a set of hemodynamic, metabolic, and 
echocardiographic variables, decannulation can be considered. The failure of a wean-
ing trial should prompt a multi-disciplinary discussion to optimize reversible causes 
and consideration for advanced therapies (i.e., heart transplant, durable LVAD).

23.2.3  Complications

The use of temporary mechanical circulatory support is associated with complications 
that may be related to the device itself, its insertion, the effect of the device on organ 
function, and the use of anticoagulation. The common and device-specific complica-
tions of temporary mechanical circulatory support are summarized in Table 23.1.
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Table 23.1 Complications of temporary mechanical circulatory support

Common to all devices Device-specific
Vascular Intra-aortic balloon pump
Limb ischemia Spinal cord ischemia
Insertion site bleeding Impella
Vessel perforation Valvular damage
Retroperitoneal hematoma Perforation
Neurological Tandem Heart
Ischemic stroke Perforation
Hemorrhagic stroke Atrial septal defect
Hematological Veno-arterial ECMO
Major bleeding Air embolism
Hemolysis Circuit clotting
Thrombocytopenia Left ventricular distension
Mechanical Differential hypoxemia
Device malposition Drug pharmacokinetics
Device malfunction Surgical temporary VAD
Infectious Sternal infection
Sepsis Sternotomy osseous complications
Insertion site infection

ECMO extracorporeal membrane oxygenation, VAD ventricular assist device

The incidence of these complications is influenced by several factors, which 
include the mechanical circulatory support device, patient-specific factors (e.g., size 
of the vessel), and the duration of support. Since large bore cannulas are more likely 
to result in vascular complications, VA-ECMO has the highest rate of limb ischemia 
and prophylactic distal perfusion catheters are routinely used in patients receiving 
VA-ECMO support [23]. Bleeding frequently complicates temporary mechanical 
circulatory support and often requires temporary or permanent interruption of anti-
coagulation, which can result in thromboembolism and hemolysis. While hemolysis 
can occur with all temporary mechanical circulatory support devices, this complica-
tion is particularly frequent with Impella and has historically limited the use of these 
devices for longer duration of support. However, the design of the newest device of 
the Impella family, Impella 5.5, may result in a lower incidence of hemolysis [25]. 
Migration of the device is particularly dangerous in patients supported with 
TandemHeart, since malposition of the inflow cannula in the right atrium results in 
the shunting of deoxygenated blood to the systemic circulation [23]. Infectious 
complications are prevalent and include common sources in critically ill patients 
(e.g., ventilator-acquired pneumonia [VAP]) as well as access site infections for 
percutaneous devices and sternal infection for surgically implanted devices. 
Prophylactic antibiotics may be used in patients with central VA-ECMO and open 
chest, but are not recommended in patients with peripheral ECMO cannulation or 
other temporary mechanical circulatory support devices [23]. In addition to LV dis-
tension, patients supported with peripheral VA-ECMO are at risk of differential 
hypoxia (also known as Harlequin or North-South syndrome). In VA-ECMO with 
femoro-femoral cannulation, oxygenated blood flows from the femoral cannula to 
the left ventricle in a retrograde fashion and mixes with the blood ejected from the 
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left ventricle. In patients with severe impairment of gas exchange and recovery of 
left ventricular function, deoxygenated blood from the left ventricle may represent 
the main blood source for right subclavian and carotid arteries and result in a marked 
discrepancy in the oxygen saturation between the lower extremities and the cerebral 
circulation [18]. The detection of differential hypoxemia requires continuous moni-
toring of the arterial oxygen saturation of the right radial artery and non- invasive 
cerebral saturation. A potential solution for differential hypoxemia is represented by 
the placement of a new venous outflow cannula, which brings oxygenated blood to 
the right atrium (veno-arterial-venous ECMO).

23.3  Durable Mechanical Circulatory Support

Durable LVADs are the most used form of long-term mechanical circulatory sup-
port. Total artificial heart is an alternative to a durable LVAD for patients with biven-
tricular failure, typically as a bridge to transplant. However, this type of device is 
rarely used in clinical practice and is beyond the scope of this review.

23.3.1  Devices

While the first-generation devices were pulsatile, all the currently available durable 
LVADs provide continuous flow and share a similar design. Each device has a pump, 
an inflow cannula draining blood from the LV apex, an outflow cannula connected 
to the ascending aorta, and a driveline which connects the pump to an external bat-
tery and to the controller. HeartMate II (Abbott, Plymouth, MN, USA), the first 
continuous-flow durable LVAD approved for bridge to transplant and destination 
therapy in the USA [26], has an axial-flow impeller which is placed in an abdominal 
pocket (Fig. 23.2a).

a b c

Fig. 23.2 Durable mechanical circulatory support devices. (a) HeartMate II. (Figure from Abbott, 
reproduced with permission) (b) HeartWare ventricular assist device (HVAD). (Figure from 
Medtronic, reproduced with permission) (c) HeartMate 3. (Figure from Abbott, reproduced with 
permission)
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HeartWare ventricular assist device (HVAD, Medtronic, Mounds View, MN, 
USA) was the first centrifugal durable LVAD approved in the USA for bridge to 
transplant. The HVAD is a smaller pump compared to the HeartMate II and is 
implanted in the pericardial space (Fig.  23.2b). Compared to HeartMate II, 
HVAD implantation was associated with a higher risk of cerebrovascular acci-
dents [27]. In addition, the USA Food and Drug Administration (FDA) recalled 
HVADs for unexpected power source switching and pump stoppage. As a result 
of these safety concerns, in June 2021 the manufacturer discontinued the pro-
duction of HVAD.

HeartMate 3 (Abbott, Plymouth, MN, USA) is the newest centrifugal LVAD 
with a design that includes a fully magnetically levitated rotor, wider blood-flow 
paths, and an artificial pulse which occurs asynchronously from the native car-
diac cycle through fixed rotor speed changes every 2 s (Fig. 23.2c), and is cur-
rently the most used durable device worldwide. The MOMENTUM 3 trial 
compared HeartMate 3 with HeartMate II in 1028 patients with advanced heart 
failure [3]. In the final report of the MOMENTUM 3 trial, at 2-year follow-up, 
77% patients implanted with HeartMate 3 were alive and free of disabling stroke 
or pump exchange (versus 65% in the HeartMate II group). In addition, patients 
implanted with HeartMate 3 had significantly lower rates of stroke of any sever-
ity and of gastrointestinal bleeding. In a subsequent analysis of a continuous 
access protocol post-pivotal trial [28], patients implanted with HeartMate 3 had 
a lower adverse event burden and reduced hospital admissions when compared 
to results from the MOMENTUM 3 trial, suggesting that outcomes may improve 
as clinical experience accumulates.

23.3.2  Complications

Patients implanted with a durable LVAD will often experience adverse events, 
which often result in a prolonged postoperative hospital stay or in intensive care unit 
(ICU) readmissions. The most common complications related to LVAD include RV 
failure, hemocompatibility-related adverse events (bleeding, stroke and pump 
thrombosis), driveline infection and aortic insufficiency.

23.3.2.1  Right Ventricular Failure
Right heart failure is a common occurrence in the postoperative period in a popula-
tion with pre-implant pulmonary hypertension and RV dysfunction, which is further 
exacerbated by the hemodynamic changes generated by LVAD support (i.e., 
increased RV preload). While most cases of postoperative RV failure require only 
transient inotropic support, severe cases may require temporary mechanical circula-
tory support, either percutaneous (e.g., ProtekDuo) or surgical.

In addition to the postoperative period, RV failure can occur months or years 
after implantation. In a recent analysis of a large multicenter registry, late RV failure 
occurring over 6 months after implantation was associated with worse outcomes 
compared to the early occurrence of this complication [29].
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23.3.2.2  Hemocompatibility-Related Adverse Events
Patients receiving LVAD support are at increased risk of bleeding and thrombotic 
events due to the activation of procoagulant and anticoagulant pathways. From a 
clinical perspective, this aberrant hemocompatibility physiological state results in a 
constellation of gastrointestinal bleeding, stroke, and pump thrombosis [30].

Gastrointestinal bleeding is the most common hemocompatibility-related 
adverse event. Up to half of the gastrointestinal bleeding occurring in patients sup-
ported by LVAD is related to arteriovenous malformation, an otherwise uncommon 
cause in the general population. The pathogenesis of arteriovenous malformation is 
multifactorial, including the use of antithrombotic therapy, enhanced angiogenesis 
secondary to continuous-flow, and acquired von Willebrand deficiency [31].

Among patients supported with LVAD, the incidence of stroke is approximately 
15% per year and is associated with significant morbidity and mortality. Stroke can 
be ischemic or hemorrhagic, and the use of antithrombotic therapy may result in 
higher rates of hemorrhagic transformation of ischemic strokes [31]. Pump throm-
bosis is associated with hemolysis, evidence of reduced LV unloading, and may 
require urgent pump exchange [32].

Elevated blood pressure is associated with an increased risk for both stroke and 
pump thrombosis [33]. In the ENDURANCE Supplemental trial [27], enhanced 
blood pressure management that included home blood pressure monitoring and tar-
geted a mean arterial pressure (MAP) < 85 mmHg successfully reduced the inci-
dence of stroke in patients implanted with an HVAD. The incidence of stroke and 
pump thrombosis is significantly reduced among patients implanted with HeartMate 
3 compared to HeartMate II and HVAD [3, 34]. In a recent analysis including over 
6000 patients, HeartMate 3 use was associated with a sixfold decrease in the risk for 
cerebrovascular events when compared with HVAD use [35].

An active area of research in the field is represented by the management of anti-
thrombotic therapy. Per the current standard care, patients on LVAD support receive 
both anticoagulation with vitamin K antagonists and an antiplatelet therapy (e.g., low-
dose aspirin). A multicenter randomized trial, ARIES, is currently evaluating the 
hypothesis that withdrawal of antiplatelet therapy may reduce bleeding events without 
increasing thrombotic complications in a cohort of HeartMate 3 recipients [36].

23.3.2.3  Driveline Infection
The percutaneous driveline represents an ideal gateway for the access of pathogens. 
The driveline often becomes colonized and this may result in a systemic infection 
that can confers significant morbidity and mortality and may require pump exchange. 
The driveline of HeartMate 3 has features that may increase the risk of infection 
compared to other devices [37]. In the final report of the MOMENTUM 3 trial [3], 
there was a numerically higher rate of infection in the HeartMate 3 group than in the 
HeartMate II group (23% versus 19%, p = 0.60). In a recent single-center analysis 
among 591 LVAD recipients [38], Staphylococcus aureus and Pseudomonas aeru-
ginosa were the most common pathogens. Notably, in the same study, a standard-
ized driveline care protocol was associated with a significant reduction in driveline 
infections.
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23.3.2.4  Aortic Insufficiency
LVAD support can cause de novo aortic insufficiency or accelerate progression, 
which represents a significant barrier to long-term support since it is associated with 
an increased risk for heart failure [32]. The proposed mechanisms for the develop-
ment of aortic insufficiency in this population include the closure of the aortic valve 
(intermittent or continuous) resulting from LV unloading, persistent stress on the 
aortic side of the valve with increased turbulent flow causing endothelial changes, 
and aortic annular dilation [39]. The artificial pulse generated by HeartMate 3 may 
potentially prevent onset and progression of aortic insufficiency by increasing the 
frequency of valve opening. However, in a recent single-center retrospective study, 
the incidence of moderate to severe aortic insufficiency did not differ significantly 
between HeartMate II and HeartMate 3 [40].

23.4  Conclusion

Mechanical circulatory support has become a mainstay in the treatment of cardio-
genic shock and advanced heart failure. As demand increases and technology 
improves, intensivists are increasingly likely to participate in the different phases of 
the care of patients on mechanical circulatory support, from the management of 
complications to percutaneous cannulation [41]. While the field has seen consider-
able development in a short span of time, significant knowledge gaps persist. 
Randomized controlled studies are warranted to provide an evidence-based founda-
tion for temporary device selection and to improve the medical management of 
patients receiving durable mechanical circulatory support.
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24Venous Congestion: Why Examine 
the Abdomen with Ultrasound 
in Critically Ill Patients?

A. Y. Denault, P. Rola, and W. Beaubien-Souligny

24.1  Introduction

Signs of venous congestion can be present in critically ill patients and their prompt 
recognition is essential for several key clinical elements: (a) prognostication, (b) 
fluid management, and (c) identifying the pathological cause. In this chapter, we 
will briefly review the importance of fluid overload and discuss the bedside ultra-
sound examination allowing detection of venous congestion using Doppler technol-
ogy. We will start with a case illustrating the role of those indices in the operating 
room and intensive care unit (ICU).

24.2  Case Study

May 10th 2017 Montreal: an 84-year-old woman is scheduled for aortic, mitral 
valve, and tricuspid valve replacement. She has hypertension, non-insulin depen-
dent diabetes, and chronic renal failure with an estimated glomerular filtration 
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rate of 50 ml/min. She also has a systolic pulmonary artery pressure of 59 mmHg. 
Her European System for Cardiac Operative Risk Evaluation (EuroSCORE II) is 
13%. The cardiopulmonary bypass (CPB) lasts 121  min. Blood losses were 
approximately 400 ml and she had fluid removal performed through ultrafiltra-
tion for a total of 2.2 l. Her urine output was 365 ml intraoperatively. Her final 
fluid balance was −166 ml (intake of 2849 ml in and output of 3015 ml). She 
arrived in the ICU without any vasoactive agents, receiving only insulin and pro-
pofol. She was extubated 4.7 h after admission. She did not develop any ICU 
delirium or atrial fibrillation and did not receive pacemaker support, blood trans-
fusion, or intravenous albumin. She was discharged on day 2 after 50 h in the 
ICU. Multiple decisions during perioperative care were guided by the assessment 
of venous congestion indices as will be presented in the closing section of this 
chapter.

24.3  Importance of Fluid Overload

Fluid overload is epidemiologically associated with adverse outcomes in multiple 
settings. A systematic review and meta-analysis including 34 studies and 31,076 
patients confirmed the association between fluid overload and mortality in critically 
ill patients [1]. Congestive organ injury may be the consequence of multiple factors 
including increased interstitial pressure, creating a compartment syndrome phe-
nomenon, an increase in the diffusion distance from the blood to the tissue, as well 
as a reduction in the arterio-venous pressure gradient, otherwise named perfusion 
pressure. This can affect several organs including the brain, heart, lung, kidney, and 
abdomen. This relationship between fluid balance and morbidity/mortality is not 
linear but most likely curvilinear [2] indicating that excessive fluid restriction and 
excessive fluid administration will be associated with adverse outcomes. This 
U-shaped relationship has been observed in patients undergoing aortic valve 
replacement [3], as a risk factor for acute kidney injury [4] and post-op atrial 
arrhythmias [5]. This U-shaped relationship represents the balance between conges-
tive organ injury and insufficient cardiac preload. It appears therefore important to 
identify at the bedside not only signs of hypoperfusion but also signs of venous 
congestion.

24.4  Diagnosis of Venous Congestion

The diagnosis of venous congestion can be obtained at the bedside using ultrasound. 
Combining two-dimensional and Doppler ultrasound, there are several portions of 
the venous system that can be examined in order to detect venous congestion. Those 
include the inferior vena cava (IVC) and venous Doppler assessment of the hepatic 
vein, portal, splenic, renal, and femoral veins.
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24.4.1  Inferior Vena Cava

The IVC is relatively easy to image with ultrasound. Two-dimensional IVC charac-
teristics, such as size and respiratory variation, have been used to estimate filling 
pressure and to predict intraoperative hypotension after induction [6]. However its 
predictive ability for fluid responsiveness is inferior to the measurement of the max-
imal aortic velocity in the left ventricular (LV) outflow tract [7]. Measurement of 
IVC characteristics in spontaneously breathing patients and those receiving mechan-
ical ventilation also differs. There are several pitfalls [8] in the measurement of IVC, 
one being the effect of abdominal pressure, which reduces the dimension of the IVC 
and the site of measurement for the collapsibility index [9]. The cut-off for IVC size 
is 2.1 cm [10]. If the IVC diameter is less than 2.1 cm and collapses >50% with a 
sniff, this suggests a normal central venous pressure (CVP) of about 3 mmHg (range 
0–5 mmHg), whereas an IVC diameter >2.1 cm that collapses <50% with a sniff 
suggests elevated CVP of 15 mmHg (range 10–20 mmHg). Measurement of the 
IVC alone is insufficient to diagnose venous congestion but dilatation and reduced 
respiratory variation correlate with portal vein pulsatility [11].

Some of the limitations with IVC imaging found in the current literature relate to two 
factors, one geometrical and one pathophysiological. The first, the traditional long axis, 
single diameter method of measurement unfortunately ignores the anatomical detail that 
the IVC, in almost all cases, does not behave in a cylindrical fashion, but rather has an 
elliptoid shape, with an oblique axis. Hence the antero- posterior diameter, particularly 
in non-plethoric IVCs, may misrepresent distension, particularly if the long axis of the 
ellipse is vertical (from a sonographic standpoint). In plethoric IVCs, which approach 
spherical proportions, this becomes less of a concern. The second issue is that the IVC 
is distensible, such that, chronically exposed to elevated right atrial pressures, it may 
reach much larger sizes (diameters up to 4.0 cm or more), and thus, in such cases, a 
2.1 cm IVC may represent a lower CVP than one that had not been exposed to chroni-
cally elevated right atrial pressures. Hence, we suggest that in future studies the IVC 
should also be examined in the short axis to assess sphericity index and variation. This 
is why biplane measurement might be more precise in estimating CVP [12].

24.4.2  Hepatic Veins

The hepatic vein Doppler signal will be influenced by the CVP but also by the sever-
ity of pulmonary hypertension [13]. Several studies have reported on hepatic vein 
significance in normal adults [14] and children [15], in tricuspid regurgitation [16], 
in right heart dysfunction [11, 17], in the estimation of right atrial filling pressure 
[18], and in the ability to predict renal failure [19].

The triphasic hepatic vein Doppler signal corresponds to the CVP pressure 
waveform (Fig. 24.1). There is a predominant systolic velocity, a lower diastolic 
velocity, and an atrial reversal velocity that should be less than 50% of the systolic 
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velocity (Fig. 24.1g). The hepatic vein Doppler signal is a very sensitive marker of 
right ventricular (RV) diastolic function [10]. As CVP increases and RV function 
deteriorates, the systolic velocity becomes smaller and reversed (Fig. 24.1h, i).

a b c

d e f

g h i

j k l

m n o

p q r

Fig. 24.1 Correlation between right atrial pressure waveform (RAP), right ventricular pressure 
waveform (RVP), hepatic venous flow (HVF), interlobar renal venous flow (IRVF), portal venous 
flow (PVF) and femoral venous flow (FVF) with progressive right ventricular (RV) dysfunction 
and venous congestion in normal patients (a, d, g, j, m, p). Typical patterns are commonly observed 
in patients with mild (b, e, h, k, n, q) and severe (c, f, i, l, o, r) RV dysfunction. AR atrial reversal 
Doppler flow velocity, D diastolic Doppler flow velocity, Ppa pulmonary artery pressure, Prv right 
ventricular pressure, S systolic Doppler flow velocity. (Adapted from [20] with permission)
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The aspect of the hepatic veins can also orient toward the mechanisms of hemody-
namic instability. Normal or elevated hepatic vein Doppler velocities are suggestive of 
non-cardiac etiology such as hemorrhagic or vasodilatory shock [21]. Abnormal 
velocities with a reduced or reversed systolic component are suggestive of RV dys-
function. In a shock state, the absence of a velocity or a blunted signal may indicate 
an obstruction to venous return, such as IVC stenosis [22]. Abnormal hepatic vein 
velocities after cardiac surgery are very frequent due to the presence of abnormal RV 
diastolic function in up to 48% of cases [23]. However, the use of hepatic vein Doppler 
as an indicator of venous congestion is not as specific as the detection of abnormal 
portal vein pulsatility [11]. The reported interobserver agreement for hepatic vein 
grading as normal or abnormal is high, yielding a Kappa value of 0.95 [24].

24.4.3  Renal Veins

Renal venous Doppler was originally described for its diagnostic role in obstructive 
uropathy and in diabetes. An article by Iida et al in 2016 brought attention to the role 
of venous Doppler interrogation in heart failure [25]. In this cohort study, which 
included 217 patients with heart failure, abnormal renal venous Doppler signals 
were independently associated with endpoints that included death from cardiovas-
cular disease and unplanned hospitalization for heart failure. Subsequently, those 
Doppler signals were demonstrated to be very sensitive in detecting venous conges-
tion and resistance to diuretics [26]. Beaubien-Souligny et al. performed a retro-
spective and a prospective study in cardiac surgical patients [17]. They demonstrated 
that abnormal renal venous patterns were associated with the development of acute 
kidney injury in cardiac surgery. Several other authors made similar observations in 
various perioperative and ICU populations [27, 28].

A normal renal venous Doppler signal is continuous. An abnormal signal will 
become pulsatile. The very severe pattern will show a signal only present in diastole 
[29] (Fig. 24.1j–l). The success rate for obtaining a signal is 94.8% for the right 
kidney, and 85.4% for the left kidney in cardiac surgery patients [17], but may be 
less in general ICU patients [19]. The interobserver agreement was reported to be 
87–94% in one study [17].

24.4.4  Portal Veins

The association between abnormal portal pulsatility and RV dysfunction was 
reported in 1990 by Abu-Yousef et al. [30]. Subsequently several authors reported 
abnormal portal vein patterns in congestive heart failure, tricuspid regurgitation, RV 
dysfunction [11], cardiac surgery [31], ICU patients [19], patients with elevated 
liver enzymes [32], pericarditis, [33] hyponatremia [34], renal failure [17], and 
post-cardiac surgical delirium [35]. Assessment of fluid responsiveness using portal 
pulsatility was recently reported using magnetic resonance imaging (MRI) [36]. 
Fluid unresponsiveness is associated with the appearance of portal pulsatility.
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Fig. 24.2 Doppler assessment of the circulatory system. Normal right-sided filling pressure (con-
tinuous line) and elevated right-sided filling pressure (dotted line). In the latter, venous pulsatility 
will be present in venules and in medium and large veins. This explains why a normal continuous 
portal vein Doppler signal becomes pulsatile when right-sided filling pressure is elevated

At a normal or low CVP, the waveform pattern of venous flow is not visible far 
from the right atrium, as venous wall compliance buffers any pulsatility. As CVP 
increases and the venous reservoir compliance is reduced, the pulsatility of the 
waveform is transferred to the periphery (Fig.  24.2). Therefore, the presence of 
portal pulsatility indicates significant CVP elevation, and RV dysfunction with its 
potential consequence not only on the liver but also on the gut leading to a cardio- 
intestinal syndrome with bowel edema and bacterial translocation [37]. Indeed, 
reduction of endotoxemia with diuretics in heart failure patients has been reported 
[38]. The elevated CVP will be transmitted to the kidney leading to a cardiorenal 
syndrome in association with portal pulsatility [39]. In addition elevated filling 
pressure will reach the brain leading to a cardio-cerebral syndrome [35] (Fig. 24.3). 
Major complications after cardiac surgery have been reported in patients with intra-
operative portal pulsatility in single-center studies [11, 40] and in an international 
multicenter cohort study [41]. The success rate to obtain a portal vein signal with 
surface ultrasound is close to 99% [11].

A normal portal venous Doppler signal is monophasic (Fig. 24.1m). As the CVP 
increases, pulsatility appears (Fig. 24.1n, o). A portal pulsatility (maximal veloc-
ity − minimal velocity) fraction of 50% or more (PPF50) is considered pathologic 
and has been used as a threshold in several studies [11, 41]. Interobserver agreement 
and variability for renal venous flow patterns were reported [17]. The agreement 
ranges from 91.3 to 100% with a Kappa from 0.738 to 0.868.
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Fig. 24.3 The combination of right ventricular failure, fluid overload, and pulmonary hyperten-
sion will lead to elevated central venous pressure (CVP). Extrinsic cardiac compression, such as 
tension pneumothorax, pericardial tamponade, or abdominal compartment syndrome, can also 
increase CVP. The consequence will be cerebral, renal, and cardiogenic portal venous congestion. 
The latter will lead to gut edema, bacterial translocation, and an inflammatory reaction through the 
release of cytokines that will cross the blood-brain barrier leading to delirium and encephalopathy. 
If portal hypertension and renal venous congestion are uncorrected, adverse outcomes and multi-
system organ failure will occur. Portal pulsatility, renal venous pulsatility, and asterixis [35] are 
ultrasound and clinical signs of venous congestion

24.4.5  Splenic Veins

Only a few studies have explored the role of splenic vein Doppler interrogation [31], 
however, in our experience splenic veins behave similarly to the portal vein. They 
represent an alternative to the portal vein, particularly in very obese patients with 
liver steatosis. The aspect of the splenic venous Doppler is similar to that of the 
portal vein.

24.4.6  Femoral Veins

Pulsatile venous Doppler signals in the lower extremity or the femoral vein were 
reported in 1996 [42]. Their presence indicates elevated CVP. The mechanism is the 
same as for the other venous signals, such as the pulsatile varicose veins described in 
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1962 [43] and, more recently, pulsatile popliteal veins in patients with coronavirus 
disease 2019 (COVID-19) [44]. Femoral venous Doppler interrogation may represent 
the fastest and simplest way to rule out significantly elevated CVP, RV dysfunction, or 
pulmonary hypertension [45]. The role of femoral venous Doppler interrogation in 
cardiac surgical patients is currently under investigation (ClinicalTrials.gov Identifier: 
NCT05038267). A normal femoral venous Doppler is continuous with respiratory 
variation (Fig. 24.1p). Abnormal signals are pulsatile or biphasic [45] (Fig. 24.1q, r).

24.4.7  The VExUS Score

There are some limitations and pitfalls (see below) in the analysis of IVC, hepatic 
vein, portal, splenic, and renal venous Doppler signals. The combination of IVC, 
hepatic, portal, and renal venous Doppler signals led to the development of the venous 
excess ultrasound (VExUS) score. Confirming abnormal venous Doppler signals at 
multiple sites may increase specificity in the ability to identify significant venous con-
gestion leading to adverse outcomes, such as acute kidney injury. The VExUS score 
[46] was originally validated using a cardiac surgical cohort [17]. This score raised 
significant interest among investigators around the world [46] and educational web-
sites have been developed in order to teach how to use it [47]. In a patient with a severe 
VExUS grade, the IVC diameter will be more than 2 cm, and there will be at least two 
of the following: an hepatic vein with systolic reversal, a pulsatile portal vein with a 
PPF ≥50%, and the intrarenal venous Doppler signal only present in diastole. In this 
derivation cohort, this combination, when detected at ICU admission, had high speci-
ficity (96%) for the subsequent development of acute kidney injury [46].

24.4.8  Surface Ultrasound or 
Transesophageal Echocardiography

The acquisition of venous Doppler signals can be obtained with transthoracic and 
curvilinear probes. We use linear probes for femoral venous Doppler interrogation 
[45]. Venous Doppler signals can also be obtained using abdominal transesophageal 
echocardiography (TEE) or transgastric abdominal ultrasound (TGAUS). The suc-
cess rates for portal venous Doppler interrogation using TGAUS are 94.0% and 
95.7% before and after CPB [11, 31]. Interrogation of the retropancreatic and intra-
splenic vein increased the success rate up to 99.2% before CPB and 94.9% after 
CPB in a multicenter cohort study [41]. Interrogation of the left renal vein using 
TGAUS can also be obtained [48]. Therefore hepatic, renal, portal, and splenic sig-
nals can be obtained intraoperatively with TGAUS.

A. Y. Denault et al.
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24.5  Venous Congestion and RV Dysfunction

As RV dysfunction develops, signs of venous congestion will appear. Using RV and 
CVP pressure waveform (Fig. 24.1a–f), we and others have previously established the 
relationship between RV function and all the venous patterns that have been pre-
sented [29].

24.6  The Importance of Examining the Abdomen of Critically 
Ill Patients

Bedside ultrasound in the ICU initially focused on cardiac ultrasound and then lung 
ultrasound. However, there is significant interest in the routine examination of the 
abdomen not only to assess the degree of venous congestion but to diagnose other 
critical conditions such as free fluid, abdominal aortic aneurysm, air in the liver or 
bowel wall, and distended or full stomach to name a few. In order, however, to teach 
abdominal ultrasound, new techniques have been developed using augmented real-
ity which facilitates the understanding of abdominal anatomy.

24.7  Limitations and Pitfalls of Venous Congestion Indices

Every element used in the evaluation of venous congestion has its own limitations. For 
example, the IVC will be enlarged in normal athletes [49], portal pulsatility can be 
observed in thin and young individuals [50], renal venous Doppler may be abnormal in 
pregnant women, and all venous Doppler measures will be altered in patients with 
abdominal compartment syndrome. It is therefore important not to treat an ultrasound 
image but a patient, considering other important data such as the history, physical exam-
ination, laboratory data, and other imaging modalities. Abnormal signs of venous con-
gestion indicate elevated CVP, however they do not provide the etiology of this abnormal 
elevation of the right-sided structure. For example, pre or post-capillary hypertension 
will be treated differently but can lead to the same abnormal venous Doppler signals. 
Cardiac and lung ultrasound will be required in such cases to precisely determine the 
mechanism and subsequently the treatment. Finally, the association between abnormal 
venous Doppler signal and outcome is supported by an increasing number of studies 
[11, 17, 27, 41]. The impact and outcome of correcting those signals are currently being 
evaluated but their value and benefit remain to be determined.

24.8  Back to the Case Study

The elderly lady was monitored using a dual radial and femoral artery catheter [51], 
pulmonary artery catheter, brain monitoring using a processed electroencephalogram, 
brain oximetry, and TEE. TGAUS was performed which showed a PPF50. At this 
point, the patient was given inhaled prostacyclin and inhaled milrinone before 
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CPB. Weaning from CPB was easy and required no vasoactive agents. Upon arrival 
on the ICU, the intensivist examined the patient and observed PPF50 for which diuret-
ics were initiated immediately. The next day, the creatinine increased but there was 
still a PPF50. The intensivist doubled the diuretic dosage and the creatinine returned 
to normal the following day. No intravenous fluids or blood were administered in the 
ICU. This case of a very high-risk patient illustrates the intra- and post- operative val-
ues of venous congestion indices, the impact on management, and the importance of 
abdominal examination of the critically ill patient at the bedside by the intensivist.

24.9  Conclusion

Venous congestion indices are an essential part of the evaluation of the critically ill 
patient, as it is necessary for the physicians managing such patients to have a hemo-
dynamic approach that is not based solely on forward flow. It has been established that 
elevated levels of venous congestion are associated with organ dysfunction. As part of 
a holistic point-of-care ultrasound (POCUS) approach, this highlights the importance 
of bedside ultrasound examination of the abdomen in critically ill patients.
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25The Most Important Questions 
in the Current Practice of Transfusion 
of Critically Bleeding Patients

A. W. Flint, J. Winearls, and M. C. Reade

25.1  Introduction

Bleeding in the context of critical illness must be distinguished from critical (or 
major) bleeding, although the two circumstances are often conflated. Recent 
comprehensive guidelines exist for both circumstances. This narrative review 
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will concentrate exclusively on major bleeding. Research programs ranging from 
preclinical studies to multicenter randomized trials with patient-centered out-
comes are underway to address identified knowledge gaps. However, some ques-
tions that are highly relevant to clinicians—e.g. identifying when the benefit of 
transfusion (of red blood cells [RBCs], clotting factors, or platelets) outweighs 
the risk, or when to change from a pro- to an anti-thrombotic strategy, are unlikely 
to be answered using currently available technology. Such questions are likely to 
require cost-effective, rapid and repeatable diagnostic tests for individual 
patients, validated in studies that pair testing with interventions. Further, many 
current trial designs, which aim to observe the effect of an intervention applied 
in the first few hours of a patient’s treatment through the subsequent ‘noise’ of 
the next 90 days or 6 months when all-cause mortality is assessed, seem unlikely 
to succeed. Personalizing interventions and seeking meaningful outcomes plau-
sibly amenable to improvement are the two major challenges in this field. Rather 
than explore many promising experimental tests and therapies, in this chapter we 
examine six questions that clinicians must answer in current routine practice. 
What evidence exists will be presented, highlighting reasons for uncertainty. 
Trials currently underway will be critiqued, followed by discussion of what inno-
vations in study design might lead to even better guidance for clinicians.

25.2  Therapeutic Goals in Treating Major Hemorrhage

Goals in the treatment of major hemorrhage include:

• Maintaining or restoring sufficient circulating blood volume to prevent organ 
failure and preserve life. A 1994 trial [1] of 598 adults with penetrating torso 
trauma that found an 8% absolute risk reduction in hospital mortality associated 
with giving no pre-hospital fluid compared to standard crystalloid resuscitation 
demonstrated that, at least briefly, even substantial hypovolemia can be tolerated. 
However, the optimal duration of hypovolemia is increasingly questioned, as 
shown in the elegant preclinical “hybrid resuscitation” experiments of Doran 
et al. [2] that found fluid resuscitation to normotension after 60 min superior to 
ongoing hypovolemic hypotension.

• Maintaining or restoring the integrity of the endothelial glycocalyx, which in 
health regulates vascular permeability and prevents thrombomodulin exposure to 
the circulation. In trauma and perhaps other forms of major hemorrhage the gly-
cocalyx degrades, most likely accentuated by the choice of crystalloid over 
plasma as a resuscitation fluid [3].

• Avoiding thrombomodulin/activated protein C-modulated acute traumatic coag-
ulopathy [4].

Achieving these goals requires intravenous fluid—but clinicians must decide 
how much of what type.
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25.3  Question 1: Fibrinogen Concentrate vs. Cryoprecipitate?

Fibrinogen plays a critical role in maintaining effective hemostasis in major hemor-
rhage. Hypofibrinogenemia is associated with increased morbidity and mortality 
[5], and early fibrinogen replacement may assist in hemorrhage control, improve 
coagulopathy, and reduce transfusion requirements. Published guidelines suggest 
fibrinogen replacement should occur when plasma fibrinogen levels fall to <1.5–2 g/l 
or there are thromboelastometric signs of fibrinogen deficiency [6].

Fibrinogen can be replaced with cryoprecipitate or fibrinogen concentrate, each with 
advantages and disadvantages. The use of cryoprecipitate or fibrinogen concentrate for 
fibrinogen replacement remains one of the most hotly debated topics in major hemor-
rhage resuscitation with no Level 1 evidence to support one above the other.

Fibrinogen concentrate has several theoretical advantages, including standard-
ized dose, viral inactivation, no requirement for ABO compatibility matching, long 
shelf-life, ease of transport, and rapidity of reconstitution and administration. These 
advantages are particularly attractive for use in austere medical environments and in 
countries with dispersed populations where maintaining stocks of allogenic blood 
products is difficult.

Several pilot trials have investigated the feasibility of rapidly administering 
fibrinogen concentrate in the trauma patient with major hemorrhage. The Canadian 
Fibrinogen In the Initial Resuscitation of Severe Trauma (FiiRST) trial reported 
early fibrinogen concentrate administration was feasible and increased plasma 
fibrinogen levels during traumatic hemorrhage compared to placebo [7]. The 
Efficacy of pre-hospital administration of Fibrinogen concentrate In Trauma patients 
bleeding or presumed to bleed (FlinTIC) trial demonstrated the feasibility of pre-
hospital administration of fibrinogen concentrate and increased clot stability com-
pared to placebo in trauma patients [8]. In contrast, the UK Early Fibrinogen 
concentrate therapy for major hemorrhage In Trauma (E-FIT) 1 trial reported that 
the administration of fibrinogen concentrate within 45 min of hospital admission 
was not feasible [9]. The Fibrinogen Early In Severe Trauma (FEISTY) compared 
time to administration of fibrinogen concentrate and cryoprecipitate in bleeding 
trauma patients with hypofibrinogenaemia, demonstrating fibrinogen concentrate 
could be administered significantly more quickly than cryoprecipitate and that both 
products resulted in appropriate increments in fibrinogen levels [10]. The 
CRYOSTAT 1 trial reported that it was feasible to use cryoprecipitate empirically as 
part of a fixed ratio major hemorrhage protocol in traumatic hemorrhage and main-
tain normal fibrinogen levels [11]. The results of CRYOSTAT 2 (ISRCTN 4998314) 
are eagerly awaited. The only large scale randomized controlled trial (RCT) com-
paring cryoprecipitate to fibrinogen concentrate is the Effect of Fibrinogen 
Concentrate vs. Cryoprecipitate on Blood Component Transfusion After Cardiac 
Surgery (FIBRES) trial in bleeding post-cardiac surgical patients with hypofibrino-
genemia, which found fibrinogen concentrate was non-inferior to cryoprecipitate in 
terms of number of blood components transfused [12]. FEISTY II (ClinicalTrials.gov   
Identifier: NCT05449834), a phase III, multicenter RCT comparing fibrinogen 
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concentrate to cryoprecipitate in bleeding trauma patients, started recruiting at the 
end of 2022.

Although time to administration of fibrinogen replacement in major hemorrhage 
may be important, it may be just as crucial to form a robust clot. The time to adminis-
tration advantage of fibrinogen concentrate compared to cryoprecipitate may be offset 
by the additional coagulation factors present in cryoprecipitate (factor VIII, von 
Willebrand factor, factor XIII, fibronectin, antithrombin, and alpha-2 antiplasmin). 
These additional factors might play a significant role in balancing hemostasis and 
potentially mitigating hyperfibrinolysis: cryoprecipitate achieves a more rapid and 
greater thrombin-generating capacity, forms a different fibrinogen clot structure to 
fibrinogen concentrate, and has greater resistance to clot lysis (Fig. 25.1) [13]. Whether 
these hemostatic effects translate to differences in clinical outcomes is unknown.

Fig. 25.1 The fibrin networks of thrombi formed from cryoprecipitate are more homogeneous 
than those formed from fibrinogen concentrate. Clots were formed from 30% pooled normal 
plasma (PNP) or freeze-dried plasma (FDP) and spiked with 0.5, 2, or 3 mg/ml cryoprecipitate or 
fibrinogen concentrate (Fg-C). Clots were imaged using a ×63 1.4 oil immersion objective and 
Zeiss 710 laser scanning confocal microscope. Representative image of n = 3. (Reproduced from 
[13] using a Creative Commons Attribution (CC BY) license)
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In addition to the coagulation factor differences between cryoprecipitate and 
fibrinogen concentrate it is also worth highlighting that fibrinogen concentrates 
from different manufacturing processes differ in composition [14]. In addition to 
fibrinogen, the various fibrinogen concentrates contain differing quantities of other 
coagulation factors. Whether this results in differing hemostatic effects between the 
products is unknown.

Large scale trials with patient-centered outcomes performed in conjunction with 
quality mechanistic studies are urgently required to elucidate the optimum form of 
fibrinogen replacement in patients with major hemorrhage.

25.4  Question 2: Early Empiric Fibrinogen, Prothrombin 
Complex Concentrate, and Other Coagulation Factors 
(Usually in Combination with Crystalloid for Volume) vs. 
Fresh-Frozen Plasma?

There is ongoing debate regarding the use of a predominantly factor-based resusci-
tation strategy (often guided by viscoelastic hemostatic assays) vs. an empiric fixed 
ratio blood component strategy. There are staunch proponents for each but no Level 
1 evidence to support one over the other.

A number of studies in trauma, obstetrics, and cardiac surgery have reported 
positive outcomes with a factor-based strategy but these have not been replicated in 
well-designed large scale RCTs.

In two RCTs in obstetric patients, neither empiric nor guided fibrinogen concen-
trate administration improved patient outcomes [15, 16]. In cardiac surgery, two 
RCTs failed to demonstrate patient benefit with an early fibrinogen concentrate 
resuscitation strategy [17, 18]. A recently published RCT reported reduced transfu-
sion requirements in cardiac surgical patients receiving prothrombin complex con-
centrate (PCC) compared to plasma [19]. Trauma patients are the most extensively 
studied. Observational studies report improved patient outcomes with a factor-based 
resuscitation strategy [20]. A small single-center RCT that was terminated early 
reported superiority of a factor-based strategy compared to plasma in terms of trans-
fusion requirements [21]. There is increasing interest in empiric PCC in trauma 
hemorrhage, but this is not supported by quality evidence. The currently recruiting 
FiiRST-2 trial is a large multicenter RCT comparing empiric fibrinogen concentrate 
and PCC to a standard plasma-based major hemorrhage protocol in bleeding trauma 
patients [22]. Although the primary outcome of cumulative blood product transfu-
sion volumes is not truly patient centered, this trial will certainly further the evi-
dence base.

In the absence of high-quality evidence supporting a factor-based strategy it 
could be argued that ‘deconstructing’ blood components to factor concentrates is 
not warranted. However, it could also be argued that an initial factor-based strategy 
should be utilized when the rapid availability of blood components is not feasible—
for example in the austere pre-hospital environment or when rapid replacement of 
coagulation factors is required.
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As is the case for fibrinogen replacement, large scale RCTs with patient-centered 
outcomes will be required to define the optimum strategy for coagulation factor replace-
ment in patients with major hemorrhage. It might be that one strategy more than another 
is amenable to a personalized medicine approach. Demonstrating this will require trials 
simultaneously testing a diagnostic modality and the treatment it suggests is indicated.

25.5  Question 3: Whole Blood vs. Fractionated 
Blood Components?

Whole blood can be transfused in two forms:

• Fresh, meaning blood from a donor that has not been fractionated or cooled, and 
which is administered within 24 h of donation. There is no evidence that whole 
blood transfused sooner within this 24-h period confers any different clini-
cal effect;

• After storage at 4 °C (to reduce the risk of bacterial contamination) for up to 14 
days, although up to 35 days has been explored [23].

While fresh whole blood has long been assumed to be the superior product to 
facilitate hemostasis, there is no evidence stored whole blood is substantially infe-
rior. For example, in whole blood stored at 4 °C [23], platelets declined as aggrega-
tion occurred over time, but aggregation activity in the remaining platelets was 
normal. Thrombin generation increased over time. Functional fibrinogen responses 
remained consistent regardless of length of storage.

Whole blood in one or both of these forms is used extensively throughout the 
developing world, and by many armed forces, due to lower technological require-
ments compared to fractionation. Anecdotal military experience during the 2001+ 
wars in Iraq and Afghanistan, compelling civilian case reports [24], and retrospec-
tive military cohort studies [25], have led many to advocate whole blood transfusion 
over component therapy, particularly in trauma. Some pre-hospital services have 
introduced this practice [26], as have an increasing number of civilian hospitals [27].

The most often quoted military study of whole blood transfusion is that of Spinella 
et al. [25]. This retrospective study reported on 354 United States (US) military trauma 
patients treated at Role II or III (small or large surgical) facilities in Iraq and 
Afghanistan, 100 of whom were transfused at least one unit of fresh whole blood. 
There was a survival benefit both at 24 h (96% vs. 88%, p = 0.018) and at 30 days 
(95% vs. 82%, p = 0.02) that translated to an odds ratio of survival (adjusted for Injury 
Severity Score, Glasgow Coma Scale (GCS) score (eye component) and base deficit) 
of 12.4 (95% CI 1.8–80, p = 0.01). However, there is a substantial risk of residual 
confounding. Patients receiving fresh whole blood had to survive long enough for the 
blood to be requested, collected, processed, and released for transfusion.

The military observational study of Perkins et  al. [28] receives comparatively 
less attention. In contrast to most of the patients included in the Spinella study, all 
of the component-therapy patients in this analysis also received platelets. When 
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survival of 85 patients transfused fresh whole blood was compared to that of 284 
who received component therapy, the dramatic mortality difference observed by 
Spinella was not apparent. Indeed, the incidence of acute respiratory distress syn-
drome (ARDS) was higher in the fresh whole blood group (7.4% vs. 18.8%, 
p = 0.002), and there were no other differences in patient outcomes.

The first RCT of whole blood in trauma [29] was performed in a single US civilian 
trauma hospital. Adult patients who met trauma activation criteria and had evidence of 
active bleeding requiring un-crossmatched blood while in the emergency department 
received up to 6 units of whole blood (stored at 4 °C for up to 5 days) or 6 units of 
RBCs and 6 units of plasma. Both groups could receive 1 unit of apheresis platelets, 
as the whole blood was passed through a leukoreduction filter that removed the plate-
lets. Outcomes were similar between the groups, but there was a trend to higher 
30-day mortality (27% vs. 15%, p = 0.16) associated with whole blood. The authors 
noted several limitations: they initially failed to exclude patients with severe traumatic 
brain injury (TBI), leading to an imbalance in TBI patients that might have been the 
cause of the trend to higher mortality in the whole blood group. Moreover, many 
patients did not ultimately require a massive transfusion, perhaps reducing the oppor-
tunity for whole blood to be of benefit. Their protocol required blood typing in the 
whole blood group, introducing a 5–10 min delay compared to universal donor com-
ponent therapy. Finally, the leukoreduction filter, which retained platelets, necessi-
tated a separate platelet transfusion, arguably meaning they were in fact not transfusing 
‘whole blood’. The only other trial was published in 2022: the Pragmatic Pre-hospital 
Group O Whole Blood Early Resuscitation (PPOWER) study [30] randomized 86 
trauma patients transported by air ambulance with hypotension to either 2 units of low 
titer leukocyte- reduced whole blood pre-hospital and up to a further 6 units in hospi-
tal, or standard pre-hospital care (up to 2 units RBC) with 1:1:1 component therapy in 
hospital. The primary outcome of this pilot study, 28-day mortality, was no different 
between trial groups.

Three systematic reviews have addressed this topic [31–33], all of which identified 
the poor quality of the published studies, concluding there is currently no evidence 
showing benefit of whole blood over component therapy. At least two more RCTs are 
planned or underway: (1) the Evaluation of a Transfusion Therapy using Whole Blood 
in the Management of Coagulopathy in Patients with Acute Traumatic Hemorrhage 
(T-STORHM) trial (ClinicalTrials.gov Identifier: NCT04431999), comparing up to 3 
units of whole blood with the same number of component packs, with non-inferiority 
of the correction of coagulopathy as the primary outcome in 200 patients; and (2) the 
848-patient pre-hospital Study of Whole Blood in Frontline Trauma (SWiFT) trial 
[34] (isrctn.com Identifier: ISRCTN23657907). Hopefully these trials will answer 
definitively the question of whole blood, including its cost effectiveness and impact on 
other aspects of blood supply. Wastage has been identified as a particularly important 
consideration: in its 12-month experience of a low-titer O whole blood program, a 
major USA trauma center reported a 42% wastage rate of whole blood units, without 
any demonstrable improvement in patient outcomes [35]. For now, it only seems cer-
tain that whole blood is not clinically inferior to appropriately titrated component 
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therapy, and so logically has a role only in resource-limited environments such as 
pre-hospital or in hospitals with minimal laboratory facilities.

25.6  Question 4: Lyophilized Plasma vs. FFP?

Historically developed and used for military purposes, lyophilized or freeze-dried 
plasma (FDP) contains plasma components in powder form for reconstitution with 
sterile water. Compared to fresh-frozen plasma (FFP), which is stored at −20 °C 
and must be thawed prior to transfusion, FDP has the potential benefits of faster 
administration (within 10 min) and therefore correction of coagulopathy. FDP is 
stored over a range of temperatures up to 25 °C, making its use suitable for pre-
hospital, remote, and military settings.

The only in-hospital trial of FDP has been the French lyophilized plasma versus 
FFP for the initial management of trauma-induced coagulopathy (TRAUCC) trial of 
48 severe trauma patients at a single center randomized to either 4 units of FDP or 
4 units of FFP [36], which found shorter time to transfusion of the first plasma unit 
for FDP compared to FFP (median 14 vs. 77 min). By 45 min there was also signifi-
cant improvement in indicators of hemostatic activity in the FDP group (increased 
fibrinogen concentration, factor V and thrombin levels, and lower prothrombin time 
ratios), unsurprising given the measurement time (45 min) was before the median 
time for FFP administration. These benefits of FDP over FFP did not result in a 
significant reduction in all-cause in-hospital mortality (22% for FDP vs. 29% for 
FFP, p = 0.56), although the small sample size was not powered to detect mortality 
difference.

There have been two randomized trials of FDP in the pre-hospital setting. In the 
Pre-hospital Lyophilized Plasma (PREHO-PLYO) trial of FDP vs. FFP involving 
134 trauma patients at risk of hemorrhagic shock and coagulopathy, the primary 
outcome of reduced trauma-induced coagulopathy (as indicated by international 
normalized ratio) did not differ between trial groups (mean difference −0.01, 
p = 0.88) [37]. While the small sample size limited subgroup analysis, there was 
also no difference in the incidence of massive transfusion or 30-day survival. In a 
larger study of 432 trauma patients with hemorrhagic shock and hypotension, the 
RePHILL (Resuscitation with blood products in patients with trauma-related hem-
orrhagic shock receiving pre-hospital care) study [38] did not find superiority of 
combined RBCs and FDP (1:1 FFP to RBC ratio) vs. standard care (crystalloid) for 
the primary composite outcome of mortality or impaired lactate clearance (64% 
versus 65%, adjusted risk difference 0.025%, p = 0.996), but intervention did lead 
to more RBCs (adjusted average difference 1.8, p = 0.004) and plasma (adjusted 
average difference 1.54, p = 0.002) being transfused.

Inability to observe benefit from pre-hospital FDP is not surprising given the 
conflicting evidence from the two recent trials of pre-hospital plasma transfusion in 
trauma. However, a post hoc combined analysis of these two trials found higher 
survival with pre-hospital plasma (hazard ratio (HR) 0.65, p = 0.01) after adjusting 
for injury severity, age, and trial cohort [39]—and pre-hospital transport time was a 
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significant interaction term, with greater mortality in the standard care (crystalloid) 
group beyond 20 min (HR 2.12, p = 0.04), but not in the pre-hospital plasma group 
(HR 0.78, p = 0.46). This 20-min minimum threshold for potential benefit of pre- 
hospital plasma was not found in the RePHILL study [38], where mean time from 
randomization to hospital was longer than 20  min for both groups (FDP 37 vs. 
crystalloid 35 min), leading to further uncertainty on the benefit of FDP in pre- 
hospital urban settings.

Accordingly, trial evidence supporting FDP use in trauma is lacking. To justify 
the additional cost of FDP over FFP or standard care, future trials and economic 
evaluations are required to determine the settings and patients where FDP adminis-
tration is beneficial.

25.7  Question 5: The Value of Viscoelastic Testing

The incorporation of viscoelastic hemostatic assays into the major hemorrhage pro-
tocol has gained popularity in the last few years. Despite increasing adoption of 
viscoelastic hemostatic assays there remains a paucity of evidence to support their 
routine use. The concept of thromboelastometric methods to define coagulopathy is 
not new and was first described in the 1950s. Two devices performing viscoelastic 
hemostatic assays are widely and commercially available: TEG® (Haemonetics, 
Braintree, MA, USA) and ROTEM® (Werfen, Barcelona, Spain); neither device is 
superior and market share differs geographically.

Viscoelastic hemostatic assays have potential advantages over standard labora-
tory tests in the management of patients with major hemorrhage in terms of detect-
ing coagulopathy and guiding therapy. Viscoelastic hemostatic assays provide 
dynamic information regarding clot formation, clot strength, and clot lysis, and 
have a higher sensitivity for the rapid detection of coagulopathy compared to stan-
dard laboratory tests.

A number of observational studies (the majority in the cardiac surgical and 
trauma patient populations) have reported improved patient outcomes with the 
incorporation of viscoelastic hemostatic assays in the management of major hemor-
rhage. However, these findings have not been replicated in well-designed RCTs. 
The most recent systematic review only conditionally recommends the use of visco-
elastic hemostatic assays to guide blood component transfusion in major hemor-
rhage [40].

In the trauma patient population, a single-center RCT reported significant reduc-
tions in blood component transfusion and improved survival with a viscoelastic 
hemostatic assay-guided major hemorrhage protocol [41]. Several trauma centers 
have established evidence-based viscoelastic-guided trauma major hemorrhage pro-
tocols, specifically using early parameters of clot strength, and the use of viscoelas-
tic hemostatic assays is supported by the European Trauma Guidelines. However, 
the recently published Viscoelastic hemostatic assay augmented protocols for major 
trauma haemorrhage (ITACTIC) trial did not demonstrate a statistically significant 
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difference in patient outcomes between a viscoelastic hemostatic assay and a stan-
dard laboratory test augmented major hemorrhage protocol [42].

Whilst evidence of impact on mortality is currently equivocal, it is apparent that 
viscoelastic hemostatic assays can be used to rapidly and reliably identify coagulo-
pathic bleeding patients [40]. To what extent abnormalities in the coagulation sys-
tem detected by viscoelastic hemostatic assays can be used to guide coagulation 
therapy as part of a major hemorrhage protocol remains to be elucidated. However, 
it would seem logical to only treat patients in whom coagulopathy is contributing to 
ongoing hemorrhage.

Viscoelastic hemostatic assays are extremely sensitive at identifying fibrinogen 
deficiency and potentially have significant value in guiding fibrinogen replacement 
[10]. However, commonly-used viscoelastic hemostatic assays are not as sensitive 
in identifying platelet deficit or dysfunction and there is limited evidence to support 
the use of these assays to guide platelet transfusion [43].

Several trials have evaluated unguided coagulation factor replacement and failed 
to demonstrate benefit. This suggests it is difficult to predict those patients who will 
benefit from coagulation factor replacement based on clinical features alone, and 
there is likely to be no benefit in treating those who are not coagulopathic [16, 18]. 
It is imperative that future trials specifically investigate the cohort of patients with 
major hemorrhage and coagulopathy, utilizing standardized intervention triggers 
and endpoints with patient-centered outcomes.

25.8  Question 6: The Value of Platelets (Including Cold 
Stored and Cryopreserved)

Platelets are vital components of hemostasis, and thrombocytopenia has been shown 
to be associated with poor outcomes in some trauma and massively transfused 
patient cohorts [6]. The timing and threshold for platelet transfusion, and in which 
form—liquid-stored, cryopreserved, or cold-stored—is however uncertain.

Evidence for platelet transfusion in major bleeding patients is primarily observa-
tional. In a multicenter retrospective US study of 466 trauma patients who received 
massive transfusions, higher ratios of platelets to RBCs were associated with 
decreased 6-h and in-hospital mortality [44]. This was supported by the PROMMTT 
(Prospective, Observational, Multicenter, Major Trauma Transfusion) study [45], a 
prospective study of 905 trauma patients who received at least 3 units of blood prod-
ucts: higher ratios of platelets to RBCs were associated with a decreased mortality 
within the first 6 h, however the mortality benefit was not significant beyond 6 h. 
These results support early administration of platelets in trauma, but may be con-
founded by survival bias, where patients in the higher ratio groups were those who 
survived long enough to receive higher ratios of transfusions.

These observational findings were not found in the subsequent PROPPR 
(Pragmatic, Randomized Optimal Platelet and Plasma Ratios) trial of 680 severe 
trauma and major bleeding patients across 12 trauma centers in the USA, investigating 
higher ratios of FFP and platelets to RBCs. In this study, there was no difference in 
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mortality at 24 h or 30 days for early administration of higher ratios of plasma and 
platelets to RBCs (1:1:1 ratio compared with 1:1:2). However, in a post hoc analysis 
of the subset of 261 patients who received, or did not receive, platelets as part of their 
first transfusion pack, patients who received platelets had significantly lower mortality 
at 24 h (5.8% vs. 16.9%, p < 0.05) and 30 days (9.5% vs. 20.2%, p < 0.01), and were 
more likely to achieve hemostasis and less likely to die of exsanguination [46].

While maintaining platelet counts of >50  ×  109/l for severe bleeding and 
>100 × 109/l in some trauma situations has been recommended [6], there is a lack of 
high-quality evidence to guide triggers for platelet transfusions. Adding to uncer-
tainty, in one study of trauma patients, platelet transfusion was not shown to increase 
platelet counts [47] and in the previously mentioned post hoc analysis of the 
PROPPR data, mortality reduction was found despite platelet counts of >100 × 109/l 
for all patients [46]. This suggests a potential benefit of platelet transfusion indepen-
dent of platelet count in a patients with major hemorrhage.

Platelets are normally stored in liquid form at 20–24 °C with a shelf-life of only 
5–7 days due to development of a storage lesion and risk of bacterial proliferation 
with prolonged storage. With their short shelf-life and difficult to predict demand 
for major bleeding, supply of liquid-stored platelets is challenging and results in 
significant wastage. Cryopreserved platelets are stored for more than 2 years and 
overcome the logistical issues of liquid-stored platelets but have reduced circulation 
times in vivo. Despite this, cryopreserved platelets have potentially greater hemo-
static properties when compared to liquid-stored platelets, and the issue of reduced 
circulation times is less relevant to major bleeding patients. Three trials of cryopre-
served platelets in cardiac surgery patients are underway—the Cryopreserved vs. 
Liquid Platelets (CLIP) II study (ClinicalTrials.gov Identifier: NCT03991481), the 
CLIPNZ-II study, and the Cryopreserved Platelets in Cardiopulmonary Bypass 
Surgery (CRYPTICS) study (ClinicalTrials.gov Identifier: NCT04709705). Cold- 
stored platelets stored at 2–6 °C for 14–21 days have also demonstrated superior 
hemostatic activity in bleeding patients compared to liquid-stored platelets [48]. 
The CHIlled Platelet Study (CHIPS) (ClinicalTrials.gov Identifier: NCT04834414) 
is investigating hemostatic efficacy of cold-stored platelets, also in cardiac surgery 
patients. While optimal triggers and timing of platelet transfusions remain contro-
versial, these trials of cryopreserved and cold-stored platelets will offer insight into 
which form of platelet should be transfused to major bleeding patients.

25.9  Conclusion

Despite many attempts, only one trial [49] has ever demonstrated benefit of a trans-
fusion intervention for major hemorrhage in trauma. However, it seems biologically 
implausible that transfusion would not help at least some patients. Therefore, the 
many trials that have failed to show benefits must logically have (1) been too small 
(the least likely explanation, as effect sizes based on biological understandings 
should have been sufficiently large); (2) enrolled a mixture of patients who were 
both helped and harmed (suggesting a better method of personalizing interventions 
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Fig. 25.2 Observing the effect of a brief intervention applied early in a disease course several 
months later in any randomized controlled trial is analogous to attempting to define the shape of a 
mountain from a distance through the “noise” of cloud cover. This requires at least one of (1) a very 
large mountain (analogous to a large intervention effect size); (2) watching for a long time (analo-
gous to a large study sample size); (3) accepting the validity of effects of the mountain (e.g. the 
way it affects wind patterns) as surrogates for its actual shape (analogous to biological surrogate 
outcomes); (4) extrapolating from brief glimpses (analogous to measuring only very early out-
comes); or (5) incorporating prior knowledge to guide a constantly updating picture (Bayesian 
rather than frequentist statistical analysis)

is required); or (3) measured outcomes that could not have been plausibly affected 
by the intervention. Expecting that all-cause 6-month mortality will be significantly 
affected by an intervention lasting minutes when so many other factors influence 
mortality in the following months is analogous to listening for a faint noise in a 
snowstorm. Considerations in clinical trial design are shown in Fig. 25.2. A USA 
National Institutes of Health/Department of Defense working group [50] recently 
recommended 3 to 6-h all-cause mortality as the primary outcome for these types of 
study—a major departure from the more general trend in critical care to favor 
longer- term functional outcomes. Statistical approaches to account for the compet-
ing effect of short-term mortality and later outcomes of interest were suggested by 
some of the same authors. Whatever approach to better trial design is chosen, what 
should be clear is that persisting with studies in which heterogenous patient groups 
receive brief non-titrated interventions and expecting to observe effects 6 months 
later is likely to remain unsuccessful.
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26Fluid Management and Acute Kidney 
Injury

N. Lumlertgul, N. Z. Nordin, and M. Ostermann

26.1  Introduction

Acute kidney injury (AKI) is common in critical illness and is associated with 
increased short- and long-term complications. Both hypovolemia and fluid accumu-
lation affect renal blood flow, can lead to worsening kidney function, and impact 
outcomes. When prescribing fluids for patients at risk of AKI or with AKI, clini-
cians should focus on the four Ds (drug, dose, duration, and de-escalation), four 
questions (when to initiate and when to discontinue fluid therapy, and when to initi-
ate and when to discontinue fluid removal), four indications (resuscitation, mainte-
nance, replacement, and nutrition), and the conceptual SOSD or ROSE model 
describing four fluid phases (salvage/resuscitation, optimization, stabilization, and 
de-escalation/evacuation) [1, 2] (Fig. 26.1).
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Fig. 26.1 Schematic presentation of the relationship between phases of fluid therapy, fluid intake 
(dashed line), fluid output (dotted line), and cumulative fluid balance (solid line) in critically ill 
patients. The table outlines triggers to start and stop fluid therapy and triggers to start and stop 
fluid removal

26.2  Fluid Status and Kidney Function

In normal physiology, renal blood flow (RBF) is determined by the difference 
between inflow and outflow pressures (transrenal pressure gradient). Interestingly, 
compared to all other vital organs, the kidneys have a complicated glomerular auto-
regulation, which keeps this gradient between 50 and 150 mmHg in a normotensive 
patient, therefore protecting them against vascular injury under various physiologic 
and pathophysiologic conditions. Nevertheless, this autoregulation is deranged 
when the systolic blood pressure falls below 80 mmHg. The kidney is a highly per-
fused organ; therefore, any significant reduction in systolic blood pressure will lead 
to poor kidney perfusion. Fluid therapy may increase RBF and glomerular filtration 
but will also increase workload to the kidneys from increased resorption of sodium 
chloride, thus increasing oxygen consumption. Stressed tubular cells also consume 
oxygen at twice the rate of healthy kidneys. Furthermore, hemodilution from fluid 
therapy will decrease renal oxygen delivery. Therefore, restoration of cardiac output 
by fluid might not always improve renal oxygenation due to the supply-demand 
mismatch [3].

Whilst it is important to restore adequate volume to maintain cardiac output and 
forward flow, there is growing evidence that overzealous fluid administration and 
positive net body balance also lead to the development of AKI. There are several 
potential mechanisms. First, high central venous pressure (CVP) leads to renal con-
gestion, subsequently causing a reduction in net glomerular filtration. An increase 
in CVP has been linked to worsening kidney function independent of mean arterial 
pressure (MAP) or cardiac output [4]. Second, raised intra-abdominal pressure 
(IAP) due to fluid accumulation also aggravates renal interstitial edema by 
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Fig. 26.2 Relationship between fluid accumulation, high renal vein pressure, and renal perfusion 
pressure. MAP mean arterial pressure, CVP central venous pressure, IAP intra-abdominal pressure

externally compressing the encapsulated kidneys [5]. Finally, septic patients also 
suffer from increased capillary permeability leading to extravasation of protein and 
large molecules into the interstitial spaces. The high oncotic shift will lead to further 
extravasation of fluids, leaving the intravascular columns depleted, which may 
aggravate existing hypotension further. In this scenario, giving more fluids to 
achieve a target MAP may worsen fluid accumulation. In severe cases, this could 
lead to renal compartment syndrome. All these factors will further impair renal per-
fusion pressure and venous return, leading to AKI. It is becoming increasingly evi-
dent that liberal use of fluids in this group of patients increases morbidity and 
mortality, including the risk of AKI progression, AKI non-recovery, and renal 
replacement therapy (RRT) [6].

Systemic blood pressure is often used to evaluate renal perfusion. However, there 
is increasing recognition that renal perfusion pressure (RPP), the difference between 
in- and outflow, is a better indicator [7]. RPP is estimated as MAP − CVP (or IAP, 
whichever is higher) (Fig. 26.2).

26.3  Why Prescribe Fluids?

The physiological goals for fluid administration in AKI are to optimize intravascular 
circulating volume, increase cardiac output, and maintain perfusion pressure in 
order to improve RBF and glomerular filtration. Intravenous fluid can be given as a 
bolus during resuscitation, as maintenance fluid during the optimization phase, as 
an infusion to replace water and electrolytes lost during critical illness, or as a route 
for nutrition.

Hypotension and oliguria are the most common indications for fluid therapy in 
patients at risk of AKI or with AKI. In absolute hypovolemia, renal hypoperfusion 
may result from decreased cardiac output. Giving fluid seems logical in order to 
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increase stroke volume (SV) and cardiac output, thus increasing RBF and glomeru-
lar filtration rate (GFR). However, RBF and GFR correlate poorly in AKI. In addi-
tion, RBF might be normal or high in sepsis-associated AKI [3]. Administration of 
fluids to increase RBF may in fact not augment GFR if cardiac output is normal or 
increased. Recent studies have shown that a rise in MAP after the administration of 
a fluid bolus did not necessarily produce a corresponding increase in urine output or 
an improvement in renal perfusion [8]. Therefore, hypotension or oliguria alone 
should not be viewed as triggers for immediate fluid therapy.

In summary, the only indication for fluid resuscitation in AKI is to correct intra-
vascular hypovolemia and to improve renal perfusion. This should be done judi-
ciously without causing fluid accumulation (Fig. 26.3).

Fig. 26.3 Algorithm to guide fluid management in acute kidney injury (AKI)
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26.4  What to Prescribe: Types of Fluids

Intravenous (i.v.) fluids are broadly categorized as colloids and crystalloids and vary 
in electrolyte composition, osmolarity, pH, and clinical effect [9]. The choice of 
fluid is one of the most controversial issues, and there is growing evidence that cer-
tain types of fluids are nephrotoxic.

26.4.1  Colloids

Colloids are solutions that contain macrooncotic molecules. They are proposed as 
an alternative to crystalloids to expand intravascular volume quicker and maintain 
intravascular oncotic pressure for longer. The volume-sparing effect (the ratio of 
administered colloids:crystalloids needed to achieve hemodynamic targets) is 1:1.1 
to 1:1.4 and the duration of intravascular volume expansion of colloids (4–6 h) is 
longer than that of crystalloids (1–4 h) [3].

Several randomized controlled trials (RCTs) have confirmed that hydroxyethyl 
starch (HES) is associated with increased rates of AKI and RRT, and increased mor-
tality in sepsis patients [10]. Consequently, the Food and Drug Administration 
(FDA) and European Medicines Agency (EMA) issued recommendations against 
the use of HES.

Gelatin is another commonly used synthetic colloid. Various observational stud-
ies have reported an increased risk of osmosis nephrosis-induced AKI with gelatin 
[11], but a meta-analysis including 212 patients from three RCTs comparing gelatin 
with crystalloid/albumin showed no significant difference in the risk of AKI (RR 
1.35, 95% CI 0.58–3.14) [12]. Although the quality of the evidence is low, potential 
harms outweigh its benefits. Hence, gelatin-based colloids should be avoided in 
patients at risk of AKI or with AKI.

Albumin is a natural colloid. There are various preparations of albumin includ-
ing iso-oncotic (4–5%) and hyper-oncotic (20–25%) solutions, which contain 
lower sodium concentrations than do iso-oncotic solutions. Albumin appears to be 
safe in patients at risk of AKI or with AKI, although it has not been shown in large 
RCTs to reduce the rate of RRT or improve survival in critically ill patients [13, 
14]. The 2021 Surviving Sepsis Campaign (SSC) Guidelines suggest, “In situa-
tions when further crystalloid use would result in fluid accumulation, albumin 
administration is an alternative” [15]. However, the modest volume-sparing effect 
and higher cost warrant for judicious albumin use. Exceptions are patients with 
cirrhosis and massive ascites requiring large-volume paracentesis or those with 
spontaneous bacterial peritonitis where albumin administration appears to protect 
kidney function [16]. Albumin is also recommended by the European Association 
for the Study of the Liver (EASL) in hepatorenal syndrome in combination with 
vasopressors [17].

Other possible roles of albumin include cardiac surgery, diuretic resistance, and 
patients receiving RRT with hypoalbuminemia. A single-center RCT in patients 
undergoing off-pump cardiac surgery showed that correction of hypoalbuminemia 
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(<4 g/dl) by administering 20% albumin reduced the risk of postoperative AKI [18]. 
The co-administration of albumin with diuretics was shown to increase urine output 
in diuretic-resistant cases. The effect was more pronounced in patients with serum 
albumin <2.5 g/dl and when using higher albumin doses (30 g) [19]. In AKI and 
end-stage kidney disease patients with hypoalbuminemia (<3 g/dl) receiving RRT, 
albumin administration helped to achieve more negative fluid balance and prevented 
episodes of intradialytic hypotension compared with usual care [20].

26.4.2  Crystalloids

The compositions of commonly used crystalloid solutions are shown in Table 26.1. 
Saline (0.9% sodium chloride solution) is the most frequently administered crystal-
loid globally. However, its unphysiological sodium and chloride concentrations and 
the absence of buffer can result in hyperchloremic acidosis. Preclinical studies have 
demonstrated that hyperchloremia induces afferent arteriolar vasoconstriction and 
possibly reduces glomerular filtration via tubulo-glomerular feedback [21]. The 
infusion of 2 l of 0.9% saline in healthy human adult volunteers has been shown to 
decrease the velocity of renal arterial flow, the perfusion of renal cortical tissue, and 
urinary excretion of water and sodium [22].

Balanced or buffered crystalloid solutions, in which chloride ions are replaced by 
bicarbonate or buffer to reduce acid-base perturbations, contain similar electrolyte 
concentrations to human plasma. Examples of buffers include lactate, acetate, and 
gluconate, which are rapidly metabolized and excreted. Although balanced solu-
tions contain potassium, the risk of aggravating hyperkalemia is high only in those 
with markedly raised serum potassium levels [23]. Of note, a study in post kidney 
transplant recipients comparing 0.9% saline versus balanced crystalloids reported a 
higher risk of hyperkalemia in the saline group, possibly explained by the potassium 
efflux from metabolic acidosis [24]. Additionally, the use of balanced crystalloids 
was associated with lower concentrations of urinary neutrophil gelatinase- associated 
lipocalin (NGAL), a biomarker of tubular cell damage, compared with saline [25].

However, despite the lower risk of AKI, RRT, and death with balanced crystal-
loids in animal studies, healthy volunteers, and observational studies, the results 
from RCTs are more conflicting (Table 26.2). The Saline vs. Plasma-Lyte 148 for 
ICU Fluid Therapy (SPLIT) trial was a double-blind, cluster-randomized, double- 
crossover trial conducted in four intensive care units (ICUs) in New Zealand and 
included 2278 patients. Compared with saline, Plasma-Lyte did not result in a dif-
ference in the AKI incidence, use of RRT, and in-hospital mortality. However, it was 
a feasibility trial, and the cohort was less acutely ill, being predominantly surgical 
patients [26].

The Isotonic Solutions and Major Adverse Renal Events Trial (SMART) trial 
was an open-label, pragmatic, cluster-crossover, single-center trial conducted in five 
ICUs in the United States [27]. A total of 15,802 critically ill participants were 
recruited. The primary outcome was major adverse kidney events at 30 days 
(MAKE30), which is a composite endpoint comprising death, new RRT, and 
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persistent kidney dysfunction, defined as doubling in serum creatinine compared to 
baseline. Balanced crystalloids (Plasma-Lyte or Ringer’s lactate solution) were 
associated with a significantly lower incidence of MAKE30 compared with saline 
(14.3% vs. 15.4%, p = 0.04), driven mainly by marginal reduction in RRT rates and 
in-hospital mortality. The effect was more pronounced in the sepsis group. Similarly, 
the Saline against Lactated Ringer’s or Plasma-Lyte in the Emergency Department 
(SALT-ED) trial including 13,347 non-critically ill patients demonstrated a lower 
incidence of MAKE30 in the balanced crystalloid group (4.7% vs. 5.6%, p = 0.01) 
[28]. However, it is argued that the use of a composite endpoint assumed the equiva-
lency of all three components. In this regard, it should be acknowledged that the 
initiation of RRT is clinician dependent. Further, the availability of baseline creati-
nine concentrations and potential confounding by various factors, including muscle 
wasting and liver disease during and after the acute illness, could affect the ascer-
tainment of kidney dysfunction.

The Balanced Solutions in Intensive Care Study (BaSICS) was a multicenter, 
double-blind, factorial design RCT in 75 ICUs in Brazil [29]. A total of 11,052 criti-
cally ill patients (48% elective surgery) requiring fluid resuscitation with at least 
one risk factor for AKI were randomized to Plasma-Lyte or saline. Contrary to the 
SMART and SALT-ED trials, Plasma-Lyte did not result in a reduction in 90-day 
mortality and RRT receipt compared with saline. The results were consistent in the 
pre-specified subgroup analyses, in particular in patients with sepsis or moderate to 
severe AKI.

The Plasma-Lyte 148 versus Saline (PLUS) study was a double-blinded RCT 
undertaken in 53 ICUs in Australia and New Zealand and recruited 5037 critically 
ill patients (42% elective surgery) [30]. The median volume of received fluid was 4 l 
in 6 days, which is larger compared with previous studies (2.9 l in the BaSICS trial, 
2 l in the SPLIT trial, and 1 l in the SMART and SALT-ED trials). Similar to the 
BaSICS trial, administration of balanced solution did not result in a reduction in 
90-day mortality compared with saline. Despite a clear separation in serum chloride 
levels (~2 mmol/l) and pH values between the groups, the incidence of RRT and 
maximum increase in serum creatinine concentrations did not differ. The results 
were also consistent when adjusted by the amount of fluids received before random-
ization. There were no differences in subgroup analyses, including those with sep-
sis. Notably, the sample size was revised from 8800 to 5000 during the coronavirus 
disease 2019 (COVID-19) pandemic. However, the futility analysis suggests that it 
is highly unlikely that the results would have changed had the trial been continued.

The discordance of these findings could be explained by several factors, such as 
the difference in trial design (cluster-crossover vs. parallel group), the heterogeneity 
and acuity of the patients, the electrolyte compositions of each fluid, the volume of 
administered fluids pre- and post-randomization, clinician blinding to the study flu-
ids, the amount of non-study fluids, infusion rates, or concomitant therapies, e.g., 
vasopressors. It is also postulated that the adverse effects of saline might be dose 
dependent. However, a study in ICU patients receiving large volumes of fluid resus-
citation (>60 ml/kg body weight) did not show any association between chloride 
load and risk of AKI after adjusting for illness severity [31]. An updated 
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meta- analysis comprising 35,884 patients concluded that the effect of balanced 
crystalloid fluids, as compared with saline, ranged from a 9% relative reduction to a 
1% relative increase in risk of AKI. The effect on mortality was similar [32].

There may be subgroups of patients in which the use of one type of fluid is pre-
ferred. For example, saline is the fluid of choice in patients with traumatic brain injury 
(TBI) and those with hypovolemia and hypochloremia, e.g., from upper gastrointesti-
nal losses. In diabetic ketoacidosis patients, the use of balanced crystalloids was asso-
ciated with faster resolution of acidosis [33]. Post hoc analyses of previous RCTs also 
showed potential benefits of balanced crystalloids in patients who had exclusively 
received balanced solutions before randomization [34], patients with severe hyperka-
lemia (potassium ≥6.5 mmol/l) [23], and patients with AKI at least stage 2 [23].

In conclusion, the current evidence does not show clear superiority of balanced 
crystalloids over saline for protection of kidney function. Instead, individual patient 
cohorts may benefit more from one type of crystalloid over the other. If saline is 
given, it is important that biochemical parameters are appropriately monitored.

26.4.3  Bicarbonate Infusion and Acute Kidney Injury

In the ‘Sodium bicarbonate therapy for patients with severe metabolic acidemia in 
the intensive care unit’ (BICAR-ICU) multicenter, open-label RCT (n  =  389), 
administration of bicarbonate to raise blood pH to a target of ≥7.3 had no effect on 
the primary composite outcome of death and organ failure at day 7. However, in the 
prespecified subgroup of patients with AKI stage 2 or 3, there were statistically 
significant fewer composite outcomes, 28-day mortality, and occurrence of organ 
failure with the infusion of bicarbonate compared with placebo [35]. Further studies 
exploring the role of bicarbonate in AKI are in progress.

26.5  How to Prescribe: Volume of Fluids

There is no consensus on how much fluid to prescribe in critically ill patients at 
risk of AKI or with AKI. However, the clinical phase, degree of hypovolemia, 
and response to fluid administration should be considered. During the salvage/
resuscitation phase, it is suggested that fluid administration be individualized 
with regular assessment guided by dynamic variables rather than static measure-
ments. Importantly, fluid responsiveness is not equal to intravascular hypovole-
mia. It should also be noted that fluid responsiveness is short-lived and 
diminishes over time.

Several studies have investigated different fluid management strategies in criti-
cally ill patients. The 2006 multicenter Fluids and Catheters Treatment Trial 
(FACTT) randomized 1000 patients with ARDS to liberal or conservative fluid 
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strategy guided by CVP or pulmonary artery occlusion pressure (PAOP). Compared 
with a liberal fluid strategy, the conservative strategy resulted in a lower cumulative 
fluid balance, increased PaO2/FiO2 ratio, and increased mechanical ventilator-free 
days and ICU-free days but there was no difference in the use of RRT [36]. In con-
trast, perioperative fluid restriction in patients undergoing major abdominal surgery 
(RELIEF trial) increased the risks of AKI and RRT [37].

Three RCTs comparing three resuscitation approaches in sepsis/septic shock 
including (1) protocolized resuscitation guided by CVP and oxygen monitoring, (2) 
protocolized resuscitation without the use of CVP, and (3) usual care by the treating 
physician concluded no difference in outcomes [38]. The Conservative versus 
Liberal Approach to Fluid Therapy of Septic Shock in Intensive care (CLASSIC) 
study was a multinational, multicenter RCT aiming to evaluate two fluid manage-
ment strategies in early septic shock after the initial resuscitation phase [39]. In the 
restrictive fluid group, fluid boluses were allowed only if signs of hypoperfusion 
were present. In the standard group, i.v. fluid therapy was entirely directed by the 
clinical teams. There was no between-group difference in 90-day mortality, severe 
AKI incidence, or days alive without organ support. Of note, the between-group 
difference in the median volume of administered i.v. fluids and cumulative fluid bal-
ance at day 5 were 2 l and ~800 ml, respectively, which may point towards a cau-
tious approach to fluid administration in modern European ICU practice.

Among patients with established AKI, the effect of fluid restriction on AKI pro-
gression and RRT requirement remains uncertain and is likely affected by volume 
status. The Restrictive Fluid Management versus Usual Care in Acute Kidney Injury 
(REVERSE-AKI) study was a pilot multinational, multicenter RCT aiming to 
investigate the feasibility of a restrictive fluid management regimen versus usual 
care in patients with AKI who were not hypovolemic. The restrictive fluid manage-
ment bundle consisted of limiting fluid input as well as targeting output by diuretics 
with or without extracorporeal fluid removal with the overall aim to prevent an 
increase in cumulative fluid balance. Patients randomized to the restrictive fluid 
regimen had a lower cumulative fluid balance at 72 h post-randomization, as well as 
less need for RRT, a shorter duration of AKI, and fewer adverse events compared 
with usual care [40]. An adequately powered RCT is needed to confirm these 
findings.

Based on current evidence, fluid restriction in patients at risk of AKI or with 
AKI who are considered not to be hypovolemic appears to be safe except in 
those undergoing major abdominal surgery. When required, fluids should be 
given in small aliquots with frequent monitoring of hemodynamic indices and 
clinical response and should be individualized rather than employing a ‘one-
size-fits-all’ approach. Regular adjustments based on the phase of resuscitation 
and clinical response are needed (Fig. 26.3) using basic and advanced assess-
ment tools (Table 26.3).
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26.6  When to Stop Fluid Therapy?

The duration of fluid therapy should be as short as possible but as long as needed to 
correct hypovolemia. Fluids should be stopped once circulatory failure has resolved, 
patients are no longer preload responsive, or there are signs of fluid accumulation 
[10]. Prevention of further fluid accumulation and maintaining a neutral fluid bal-
ance should be the targets during the optimization phase. There is increasing recog-
nition that hidden “fluid creep” from maintenance fluids and drug administration 
poses a risk during this period [41]. Excessive fluid administration after the onset of 
AKI is an independent risk factor for progression to severe AKI and non-recovery 
of kidney function [42].

Fluid accumulation syndrome is described as the presence of fluid accumulation 
with a negative impact on end-organ function, including kidney function. Indicators 
of fluid accumulation include clinical signs (daily weight change, positive cumula-
tive fluid balance, raised CVP, raised IAP), laboratory parameters (hemodilution), 
radiographic signs (pulmonary edema on chest radiography, B-lines on lung ultra-
sonography, pleural effusion), or changes on echocardiography (raised filling pres-
sure, increased extracellular lung water [ECLW] or global end-diastolic volume 
index [GEDVI]). The role of ultrasound to diagnose renal congestion in patients 
with AKI remains unclear. Fluid balance charting and daily weight measurement 
are easily acquired at the bedside. However, they do not specify the location of flu-
ids or account for insensible losses and should be interpreted accordingly [1].

Various novel techniques are available to assess fluid accumulation. Bioelectrical 
impedance analysis (BIA) is a non-invasive method for estimating body fluid com-
position i.e., total, intracellular, and extracellular body water. This technique can 
quantify the degree of fluid excess and monitor intercompartmental changes after 
fluid removal but its role in critically ill patients receiving mechanical ventilation is 
unclear. Serum N-terminal pro-B-type natriuretic peptide (BNP) is associated with 
circulatory overfilling but does not provide any specific information about kidney 
function. The venous excess ultrasound score (VExUS) is derived from using point- 
of- care ultrasound to examine the inferior vena cava (IVC), hepatic vein, portal 
vein, and ideally intrarenal venous plexi. Venous congestion in these vessels may 
cause a change in blood flow velocities and directions. Whether there is a role of 
VExUS to guide fluid removal in patients receiving RRT or in patients with cardio-
renal syndrome is under investigation .

26.7  De-escalation of Fluid Therapy

Fluid accumulation is common following initial resuscitation, in particular in 
patients with AKI. To date, there is no single parameter that indicates when fluid 
removal should begin. In fact, need for de-escalation, defined as rationalization of 
fluid intake, use of diuretic agents, and/or extracorporeal therapies, should be regu-
larly considered during all phases of critical illness. Current practice of fluid removal 

N. Lumlertgul et al.



371

is varied [43]. Small RCTs have shown that protocolized de-escalation/fluid removal 
is feasible, well-tolerated, and associated with improved outcomes and a more nega-
tive balance [44, 45]. The results of larger trials are awaited (ClinicalTrials.gov 
Identifiers: NCT04180397, NCT02765009).

To avoid harm from removing fluid ‘too fast’ but also ‘not fast enough’, it is 
important to determine fluid removal targets and fluid removal tolerance. The rate of 
fluid removal should not exceed the refilling capacity of fluid movement from the 
extravascular compartments back into the vascular space. The maximal refill rate is 
around 5 ml/kg/h in health but lower during critical illness. At present, there is no 
single factor that determines the optimal fluid removal rate. Parameters of fluid 
responsiveness can be used to indicate fluid removal tolerance. Fluid responsiveness 
during passive straight leg raising has been shown to predict inability to tolerate 
fluid removal during RRT [46]. Fluid removal should be stopped once the goal is 
achieved and/or signs of hypoperfusion occur.

The choice between diuretics and RRT depends on kidney function, urine output, 
electrolyte abnormalities, diuretic responsiveness, and degree of fluid accumula-
tion. Diuretics have not been shown to prevent or reverse AKI, and oliguria alone 
should not trigger diuretic prescription without an assessment of volume status. 
Meta-analyses comparing intermittent bolus strategy over a bolus followed by a 
continuous infusion of furosemide in critically ill patients showed higher urine out-
put achieved with the latter arm. However, there was no significant difference in 
mortality or ventilator days between the arms [47]. Diuretic non-responsiveness is 
defined as a furosemide dose equivalent to 1  mg/ml of daily urine output (e.g., 
200 ml urine output in response to 200 mg of furosemide equates to an equivalent 
dose ratio of 1 mg/ml). Furosemide-nonresponsiveness has been shown to identify 
those at risk for RRT [48]. Further attempt to continue diuretics when target urine 
output is not achieved is not justified bearing the risks of side effects.

26.8  Fluid Management During RRT

In patients receiving RRT, the general principles of fluid management apply: in 
case of hypovolemia or reduced cardiac preload, fluid administration may be 
necessary. If fluid has accumulated and is contributing to organ dysfunction, 
including AKI, fluid should be removed. In this case, fluid removal may not only 
improve cardiac output but also decongest the kidneys and improve the chances 
of renal recovery. Adjustment of the fluid removal rate is essential to minimize 
the risks of hemodynamic instability and compromised renal perfusion. Data 
from an observational study indicate that the relationship between net removal 
rate and mortality has a U-shaped curve, with the lowest mortality associated 
with net ultrafiltration rates of 1.0–1.75 ml/kg/h [49]. Further sub-analysis from 
the same observational cohort also concluded that every 1.0 ml/kg/h increase in 
ultrafiltration rate is associated with a faster decline in renal function and a 
delay in renal recovery [50].
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26.9  Areas for Further Research

Sparse data exist to guide fluid management in patients with AKI. Several biomark-
ers of renal damage have emerged over the past decade e.g., NGAL, cell cycle arrest 
biomarkers, etc. However, their clinical relevance as surrogates for patient-centered 
outcomes in fluid therapy are uncertain. Larger trials are required to determine the 
effects of a restrictive fluid regimen versus a conservative fluid regimen and the 
effects of de-escalation strategies on AKI progression. During RRT, the determina-
tion of optimal fluid removal rates, either by weight-based or physiologic parameters- 
based, needs to be investigated. Finally, the role of adjunctive techniques, such as 
machine learning to assess volume status and to assist fluid management in patients 
at risk of AKI or with AKI, requires further studies.

26.10  Conclusion

Fluids are drugs and should be administered to patients at risk or with AKI to cor-
rect intravascular hypovolemia and to improve cardiac preload. Various techniques 
are available to guide the assessment of volume status although preload responsive-
ness does not equate to ‘need for fluids’. Current evidence does not suggest clear 
benefits of balanced crystalloids over saline to protect kidney function, but a signal 
in favour of balanced solutions. Saline has a role in correcting hypovolemia in 
patients with hypochloremia, and HES and gelatin should be avoided. There is a 
weak recommendation supporting albumin as an alternative to crystalloids during 
resuscitation, and for specific patient cohorts. After the initial resuscitation and cor-
rection of hypovolemia, conservative fluid management is safe in patients with 
AKI. De-escalation of fluid therapy includes minimizing fluid input and optimizing 
output by using diuretics and/or RRT. In patients treated with RRT, adjustment of 
the fluid removal prescription and monitoring of complications are essential to 
improve the chances of renal recovery.
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27Cardiorenal Syndrome 1: What’s 
in a Name?

H. A. I. Schaubroeck, W. Vandenberghe, and E. A. J. Hoste

27.1  Introduction

Cardiorenal syndrome (CRS) is defined as the pathophysiologic disorder of the 
heart and the kidneys whereby acute or chronic dysfunction in one organ induces 
acute or chronic dysfunction in the other organ, and consists of five subtypes. Any 
acute cardiac event leading to acute kidney injury (AKI) is called CRS type 1 or 
acute CRS (CRS-1) [1]. The kidneys are responsible for maintaining volume and 
electrolyte homeostasis and act as neurohormonal regulators [2]. As a consequence, 
the functions of the kidneys and the heart are heavily intertwined. Kidney impair-
ment complicates the course of patients with cardiac disease and could in turn con-
tribute to the progression of the acute cardiac disorder.

Depending on the underlying cardiac disorder (e.g., arrhythmia, acute coronary 
syndrome, acute heart failure, etc.), the pathophysiology and hence management of 
CRS-1 can be different. In this chapter, we focus on the definition of AKI and the 
specific issues of this definition regarding CRS-1 in the settings of acute heart fail-
ure and cardiac surgery. In addition, we briefly discuss management of these entities 
within CRS-1.
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27.2  Epidemiology

CRS-1 is a frequent condition, occurring in 47% of patients with acute heart failure, 
in 15% of patients suffering from an acute coronary syndrome, and in 22% of post- 
cardiac surgery patients [3]. Renal replacement therapy (RRT) is used in 4.3% of 
patients with acute heart failure and in 3.1% postoperatively after cardiac surgery 
[3]. In cardiogenic shock due to acute myocardial infarction, AKI occurs in 50% of 
patients, with up to 25% receiving RRT [4].

The occurrence of CRS-1 influences the prognosis of patients with acute heart 
failure or following cardiac surgery, even after correction for confounders, resulting 
in a longer hospital stay and increased mortality [3].

27.3  Pathophysiology

Similar to other types of AKI, CRS-1 is a syndrome with many causes leading 
to the same phenotype, i.e., AKI. In severely ill patients, the etiology is mostly 
multifactorial and several ‘hits’ may occur over a certain period of time. In addi-
tion to the impact of altered hemodynamics, other mechanisms may play a role, 
such as inflammation or toxicity by free hemoglobin [5]. Two hemodynamic 
concepts in the patient with cardiac disease are important for kidney function: 
perfusion and congestion [6]. A generally accepted mechanism of acute CRS in 
acute heart failure and following cardiac surgery is a low cardiac output, leading 
to increased sympathetic tone and renin-angiotensin-aldosterone-system 
(RAAS) activation, which causes sodium and water retention precipitating a 
vicious circle of progressive heart failure [2, 7]. Venous congestion plays a 
major role in the pathophysiology of acute CRS. Elevated central venous pres-
sure (CVP) increases ‘kidney afterload’, which is even worse in the presence of 
increased intra-abdominal pressure (IAP) due to intra-abdominal fluid accumu-
lation [8–10]. A low mean perfusion pressure (mean arterial pressure [MAP] 
minus CVP) causes decreased renal perfusion and possible renal ischemia 
despite the protective mechanism of renal blood flow autoregulation [10]. 
Additional contributing factors are activation of other neurohormonal pathways 
and induction of inflammatory cascades [2, 11].

Acute heart failure encompasses a heterogeneous syndrome which can be classi-
fied into several subtypes, depending on the predominant clinical feature (Table 27.1) 
[6]. The majority of patients with acute heart failure present with congestion and 
normal perfusion, and approximately 4% of patients with acute heart failure develop 
cardiogenic shock with predominantly left ventricular (LV) failure and marked 
hypoperfusion which can induce CRS-1 [12]. In patients with predominantly right 
ventricular (RV) failure and/or tricuspid regurgitation, congestion is the main driver 
for CRS-1 and can even induce liver failure or a cardiohepatic syndrome. These 
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Table 27.1 Subtypes of acute heart failure according to mechanism, according to the 2021 
European Society of Cardiology (ESC) heart failure guidelines [6]

Acute heart failure phenotypes Main mechanism
1. Acute decompensated heart failure LV dysfunction

Sodium and water retention
2. Acute pulmonary edema Increased afterload and/or predominant LV diastolic 

dysfunction or valvular heart disease
3. Isolated right ventricular failure RV dysfunction and/or precapillary pulmonary 

hypertension
4. Cardiogenic shock Decreased cardiac output with hypoperfusion

LV left ventricular, RV right ventricular

subtypes can also be observed following cardiac surgery, depending on the type of 
surgery and the pre-existent cardiac disease. Other important pathophysiologic 
pathways include inflammation caused by the surgical procedure and exposure to 
extracorporeal cardiopulmonary bypass, thromboembolic events, and altered hemo-
dynamics during and following the operation [10].

Therefore, different phenotypes of acute heart failure have a specific trajectory 
and specific factors contributing to the occurrence of CRS-1.

27.4  Definitions

Since 2012, the Kidney Disease: Improving Global Outcomes (KDIGO) consensus 
group has standardized the definition and classification of AKI according to change 
in serum creatinine and/or urinary output (Tables 27.2 and 27.3), replacing previous 
AKI classifications (RIFLE, AKIN) [13]. Recently, KDIGO updated this definition 
and specified the concept of acute kidney disease (AKD) in order to harmonize the 
existing definitions of AKI and chronic kidney disease (CKD) [14]. AKD is used for 
patients with structural or functional abnormalities of the kidneys who do not fulfill 
the definitions of AKI or CKD. CKD requires at least a 3-month period of kidney 
impairment, AKI specifies a 7-day period of kidney impairment, while AKD is for 
episodes with a duration of less than 3 months (Table 27.2). In practical terms, AKD 
includes patients meeting AKI criteria but also patients with a more gradual decline 
in kidney function, such as a 50% increase of serum creatinine occurring over a 
period lasting more than 7 days (as opposed to AKI where the time-window is 7 
days or less). Patients with an estimated glomerular filtration rate (eGFR) <60 ml/
min/1.73 m2, patients with a decrease in eGFR of 35%, and patients with markers of 
glomerular or tubular damage (e.g., hematuria, albuminuria, or pyuria) are also clas-
sified as AKD [14].

In the setting of CRS-1 caused by acute heart failure and following cardiac sur-
gery, there are some important issues concerning the definition of AKI.
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Table 27.2 Definitions of acute kidney injury (AKI), acute kidney disease (AKD), and chronic 
kidney disease (CKD) according to the 2012 Kidney Disease: Improving Global Outcomes 
(KDIGO) guidelines and the updated guideline in 2021 [13, 14]

AKI AKD CKD
Duration Within 7 days ≤3 months >3 months
Functional 
criteria

sCr ↑ 0.3 mg/dl over 48 h or 
>50% within 7 days or UO 
<0.5 ml/kg/h >6 h

AKI or GFR <60 ml/
min/1.73 m2 or ↓ GFR by ≥35% 
or ↑ sCr by >50%

GFR <60 ml/
min/1.73 m2

Structural 
criteria

Not defined Marker of kidney damage Marker of 
kidney damage

sCr serum creatinine, UO urine output, GFR glomerular filtration rate

Table 27.3 Acute kidney injury (AKI) stages according to the 2012 Kidney Disease: Improving 
Global Outcomes (KDIGO) guidelines [13]

AKI stage Serum creatinine criteria Urine output criteria
1 ≥1.5−1.9 × baseline or >0.3 mg/dl <0.5 ml/kg/h for 6–12 h
2 ≥2.0–2.9 × baseline <0.5 ml/kg/h for ≥12 h
3 ≥3 × baseline or ≥4 mg/dl or RRT <0.3 ml/kg/h for ≥24 h or anuria for ≥12 h

RRT renal replacement therapy

27.4.1  Urine Output Criteria

To meet the urine output criteria for AKI, a patient needs to have decreased urine 
output every hour for a period of at least 6 h. Staging of AKI using urine output 
translates to a less severe impact on outcomes compared to the same staging when 
using serum creatinine criteria [15–17].

As a first limitation, use of urine output criteria is only feasible in a patient with 
a urinary catheter in place and with staffing available for hourly recording of urine 
output. This requirement is difficult to meet outside the intensive care or cardiac 
care unit. Second, almost all these patients receive diuretics, which is not mentioned 
when defining AKI according to the KDIGO criteria. A more important concept in 
the setting of acute heart failure is the presence of diuretic resistance, caused by 
several factors, such as enteral malabsorption due to congestion, decreased renal 
blood flow, tubular injury, and low albumin. Diuretic resistance causes residual con-
gestion and leads to increased rehospitalization and mortality rates [18]. 
Unfortunately, the definition of diuretic resistance, which could contain urine vol-
ume or natriuresis at a certain time interval following a fixed dose of diuretics, is not 
yet universal and needs validation in future research [18]. A furosemide stress test 
(bolus of 1 mg/kg furosemide in diuretic naïve patients and 1.5 mg/kg in previously 
exposed patients) has been used in critically ill patients with AKI to predict the 
severity of AKI [19]. The use of a furosemide stress test to predict development of 
AKI or even to guide treatment of acute heart failure is still under investigation 
(ClinicalTrials.gov Identifiers: NCT04464811 [ENACT-HF] and NCT04606927 
[PUSH-AHF]).
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27.4.2  Baseline Serum Creatinine

Establishing a baseline or reference value of serum creatinine may be particularly 
challenging in patients with heart failure. This baseline serum creatinine value is 
necessary to use as a reference for establishing a 50% increase of serum creatinine. 
KDIGO states that this value is “known or presumed to have occurred within the 
prior 7 days”. A value that is representative for baseline kidney function may be 
determined from previous laboratory results up to 1 year prior to current diagnosis 
[13]. This implicates clinical judgement as blood draws are often triggered by clini-
cal deterioration of the patient. In other words, creatinine values obtained, e.g., at 
admission for worsening heart failure do not reflect true baseline kidney function. 
This is especially relevant in heart failure patients in whom serum creatinine values 
are known to fluctuate over time [20].

If there are no serum creatinine values from the preceding year, several methods 
have been used in the literature. First, an estimated baseline serum creatinine can be 
calculated. This is based on “back-calculation” with the Modifying Diet in Renal 
Disease (MDRD) equation for eGFR and a conservative baseline eGFR of 75 ml/
min/1.73 m2 [21]. Alternatively, the nadir of serum creatinine during hospital stay, 
and the admission serum creatinine value have been used [22].

27.4.3  Serum Creatinine Criteria

Increases in serum creatinine are frequently seen in the course of acute cardiac dis-
ease, especially in acute heart failure and following cardiac surgery.

27.4.3.1 Worsening Renal Function
The term ‘worsening renal function’ is frequently used to indicate these changes. 
An important constraint to the use of ‘worsening renal function’ is a lack of a con-
sistent definition. Worsening renal function is often defined as an increase in serum 
creatinine of 0.3 mg/dl (26.5 μmol/l) or greater, which is similar to the KDIGO 
criteria for AKI, except for the fact that in worsening renal function there is no 48-h 
time window for changes in serum creatinine. However, other definitions of worsen-
ing renal function can be encountered such as an increase in serum creatinine of 
0.5 mg/dl (44.2 μmol/l) or 25%, or a 20% decrease in eGFR [11]. In the past, wors-
ening renal function has been associated with worse prognosis in patients with acute 
heart failure [3]. This observation has been challenged in more recent studies dem-
onstrating that hemoconcentration is associated with a better prognosis despite 
occurrence of worsening renal function [23]. Similarly, when worsening renal func-
tion is associated with significant brain natriuretic peptide (BNP) reduction (>40%), 
patients are adequately decongested at discharge with favorable outcomes [24]. 
However, in the presence of congestion, worsening renal function is an independent 
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predictor of death and death or rehospitalization [25]. These findings are consistent 
with the observation that worsening renal function in the context of aggressive 
forced diuresis by loop diuretics in patients with acute heart failure is not associated 
with acute kidney tubular injury as shown by kidney biomarkers [26]. In addition to 
diuretic treatment, there are several disease-modifying therapies for patients with 
acute heart failure, with proven benefit on hard outcomes that are associated with an 
increased risk for elevation in serum creatinine levels, such as angiotensin convert-
ing enzyme (ACE) inhibitors, angiotensin II receptor blockers or angiotensin recep-
tor neprilysin inhibitors, and sodium glucose transport protein 2 (SGLT2) inhibitors. 
By contrast, over the long term, these drugs have proven to slow down deterioration 
of kidney function [27, 28].

27.4.3.2  Pseudo-AKI, Functional AKI, and Subclinical AKI
To counter these discrepancies, Damman et al. introduced the concept of pseudo- 
worsening renal function and pseudo-AKI which indicate functional changes with-
out structural damage to the kidneys (‘functional AKI’) [29, 30]. In patients with 
acute heart failure or following cardiac surgery, a change in kidney function is often 
due to either hypoperfusion or congestion and can be rapidly reversed after hemody-
namic optimization. If AKI persists despite correction of congestion and perfusion, 
there might be structural kidney damage or ‘true AKI’ [29, 30]. Functional AKI has 
been observed in several prospective studies conducted in the immediate postopera-
tive phase after cardiac surgery [31]. These patients have better kidney and overall 
outcomes compared to patients with AKI with evidence of tubular damage [31–33]. 
When kidney biomarkers are positive, but the patient does not meet the serum creati-
nine criteria for AKI, the term ‘subclinical AKI’ is used. Several studies have found 
an association of subclinical AKI and worse prognosis [34, 35] (Fig. 27.1).

Novel kidney stress or damage biomarkers measured in urine, such as neutrophil 
gelatinase-associated lipocalin (NGAL) and the NephroCheck® (Astute Medical, 
Inc., San Diego, CA, USA), which measures presence of insulin-like growth factor 
binding protein 7 (IGFBP7) and tissue inhibitor of metalloproteinases 2 (TIMP-2), 
have the potential to illustrate whether stress or damage to the kidneys is present. As 
such, the Acute Disease Quality Initiative (ADQI) envisions the use of these bio-
markers in conjunction with the existing KDIGO AKI criteria in the future [36] 
(Fig. 27.2).
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Fig. 27.1 Spectrum of acute kidney injury (AKI) in patients with underling cardiac disease 
defined by injury biomarkers and serum creatinine values. Depending on these biomarkers, AKI 
can be divided into functional, subclinical, and ‘true’ AKI. Yellow indicates a good prognosis, 
orange a worse prognosis

Increase of sCr level by> 300%
(≥4.0 mg/dl with an acute increase

of ≥0.5 mg/dl) and/or UO <0.3 ml/kg/h
for >24 h or anuria for >12 h

and/or acute RRT

Functional criteria Stage Damage criteria

No change or sCr level increase <0.3 mg/dl
and no UO criteria

Biomarker positive1S

Biomarker negative

Biomarker negative

Biomarker negative

Increase of sCr level by ≥0.3 mg/dl
for ≤48 h or ≥150% for ≤7 days
and/or UO <0.5 ml/kg/h for >6 h

1A

2A

3A

1B

2B

3B

Biomarker positive

Biomarker positive

Biomarker positive

Increase of sCr level by > 200%
and/or UO <0.5 ml/kg/h for >12 h

Fig. 27.2 Proposed new definition of acute kidney injury: functional markers include serum cre-
atinine (sCr) and urine output (UO) but new functional markers may be included. (Reproduced 
from [36] under the terms of a CC-BY license)
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27.5  Management

To treat CRS-1, the underlying cardiac disorder should be tackled considering the 
underlying mechanism of acute cardiac dysfunction. Reversible cardiac causes need 
to be detected and treated.

The first step is to assess the clinical presentation of the patient. In case of 
hypoperfusion, perfusion should be restored using inotropes and/or vasopres-
sors with the lowest possible dose and for a short duration [6]. The choice of 
drug heavily depends on clinical expertise taking into account several hemody-
namic variables, because randomized clinical trials have not demonstrated a 
benefit from one drug over another [6, 37]. The inotrope levosimendan has ben-
eficial effects on renal perfusion and reduces the occurrence of CRS-1 following 
cardiac surgery when used perioperatively as well as in the setting of advanced 
heart failure. Its effect is less well demonstrated in acute heart failure [38, 39]. 
If RV failure is predominant, reducing RV afterload with pulmonary vasodila-
tors and/or inhaled nitric oxide together with inotropes and vasopressors may 
stabilize the patient. If drugs fail, short-term mechanical circulatory support 
should be considered [6].

In most patients with CRS-1, congestion is the main clinical feature. First-
line treatment consists of loop diuretics, with early addition of add-ons with 
acetazolamide and/or thiazides in case of diuretic resistance [40]. For a practical 
approach to decongestion, we refer to a position paper by the European Heart 
Failure association [41]. An interesting and promising therapy is the RenalGuard® 
system (RenalGuard Solutions, Milford, MA, USA). This device combines 
furosemide- induced forced diuresis with real-time urine output measurement 
and closed loop fluid administration to prevent volume depletion. Several stud-
ies showed a lower incidence of AKI in RenalGuard® treated patients after per-
cutaneous coronary intervention (PCI), transcatheter aortic valve implantation, 
and on-pump cardiac surgery [42].

In acute decompensated heart failure, maldistribution rather than overt fluid 
overload might be the main cause of congestion, and venodilatation (e.g., nitrates) 
is indicated [43].

In addition to targeting the underlying cardiac disease, further harm to the kid-
neys needs to be minimized. The potential risk of iodinated radiocontrast agents, 
nephrotoxic drugs, e.g., non-steroidal anti-inflammatory drugs (NSAIDs) and cer-
tain antibiotics, should be balanced against the potential benefit. Moreover, obstruc-
tive causes should be considered and treated accordingly. In view of toxicity, the 
dose of drugs cleared by the kidneys should be adapted to the GFR [13]. Whenever 
possible, up-titration of heart failure treatment should be performed to improve out-
comes in patients with CRS-1. Studies are needed to explore continuation of these 
drugs in AKI KDIGO stage 3. SGLT2-inhibition has renoprotective effects and its 
early introduction in acute heart failure is safe [44]. Further research is warranted to 
explore the potential benefit of this class in CRS-1.
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27.5.1  Renal Replacement Therapy

RRT is used in only a minority of patients with CRS-1 in acute heart failure and 
following cardiac surgery. In the last decade, several important randomized studies 
have been published regarding the indications and timing for initiation of RRT in 
cohorts of critically ill patients [45–47]. While a decade ago, early initiation of RRT 
was thought to lead to better patient outcomes, several large prospective studies 
have demonstrated that delayed initiation is associated with better patient outcomes 
as well as with a decreased use of resources as a sizeable number of patients was not 
treated with RRT at all. These studies demonstrate that RRT should be initiated 
when potentially life-threatening complications of AKI are present. These include 
severe hyperkalemia (>6.5 mmol/l, rapidly increasing, or with electrocardiogram 
[EKG] changes) and severe metabolic acidosis (pH <7.15). The threshold of azote-
mia to start RRT is less well defined [13]. The main indication for RRT in CRS-1 is 
fluid overload due to failure to decongest in the presence of diuretic resistance or 
anuria [13]. Ultrafiltration has been used as an alternative to loop diuretics for treat-
ing venous congestion, even in the absence of AKI. At present, data are inconclusive 
for the use of ultrafiltration compared to diuretics alone in CRS-1 [48]. Importantly, 
if initiation is delayed too long (oliguria for >72 h or blood urea nitrogen >112 mg/
day), this is associated with worse outcomes [45].

In acute heart failure not related to cardiac surgery, evidence about the timing of 
RRT initiation is lacking. When looking at the evidence in patients following car-
diac surgery, some small trials argue in favor of early initiation. This was consistent 
with the ELAIN trial, in which 40% of the included population had AKI following 
cardiac surgery. These patients had a survival benefit with early (defined as initia-
tion within 8 h when criteria for AKI KDIGO stage 2 were fulfilled) compared to 
later RRT initiation [49].

Modalities of RRT in CRS-1 (intermittent, continuous, and hybrid techniques) 
have been reviewed elsewhere [47, 50].

27.6  Conclusion

The function of the kidneys and the heart are heavily intertwined. CRS-1 is frequent 
in patients with acute heart failure and following cardiac surgery and has a negative 
impact on prognosis. Defining CRS-1 in this specific population is challenging due 
to several limitations. Differentiation between functional AKI, subclinical AKI, and 
true AKI, based on biomarker assessment, should be targeted in future research. 
Management of CRS-1  in acute heart failure and after cardiac surgery primarily 
focuses on hemodynamic optimization, which should be tailored to the main mech-
anism of cardiac dysfunction. Effective and complete decongestion improves out-
comes of these patients despite CRS-1. RRT is seldom needed. Interruptions in 
goal-directed medical heart failure treatment should be minimized. Other causes of 
AKI in this patient population should be excluded and treated.
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28Update on the Microcirculatory 
Assessment of the Critically Ill Patient

S. H. Kuo, B. Ergin, and C. Ince

28.1  Introduction

One of the primary goals of intensive care medicine is to ensure that sufficient 
oxygen is delivered to the mitochondria to ensure adequate energy production 
needed for cell survival and function. To this end, it is key to ensure that sufficient 
oxygen- carrying blood reaches the microcirculation of the organs. The microcir-
culation is one of the main components of the circulation responsible for deliver-
ing oxygen, nutrients, hormones, and electrolytes to the organs and their 
parenchymal cells. It has been well established that deterioration of the microcir-
culation can lead to tissue hypoxia, cell death, and ultimately organ failure. 
However, in clinical practice, the focus is on the normalization of systemic hemo-
dynamic parameters, such as arterial pressure, cardiac output, or left ventricular 
(LV) filling pressure, and the microcirculation has not been taken into account as 
a diagnostic parameter or target for treatment strategies, as yet. Early experimen-
tal studies suggested that the origin of the disease resided in the pathological 
heterogeneity of blood flow in the microcirculation, resulting in a defect in the 
oxygen extraction capacity of the parenchymal cells [1, 2]. Clinical introduction 
of orthogonal polarization spectral (OPS) imaging [3] enabled for the first time 
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direct observation of the microcirculation of internal organs during neurosurgery. 
OPS imaging was further applied to the observation of the sublingual microcircu-
lation in septic patients where severe alterations in capillary flow were observed 
[4, 5]. These studies unleashed a large number of studies that revealed the impor-
tance of the microcirculation in states of critical illness [6]. In parallel to the 
improvement in hand-held vital microscopes, image- capturing techniques and 
image analysis software provided deeper insight into the cause of a wide range of 
conditions in intensive care medicine.

Hand-held vital microscopy was thus introduced by the development of OPS 
imaging devices in 1999, whereby the microcirculatory system could be directly 
observed at the bedside. The technique was accomplished by illuminating tissue 
with light of a wavelength of 548 nm and linearly polarized light through a light 
guide with a magnifying lens at its tip, and then collecting backscattered light 
from the illuminated tissue through an orthogonal polarizer onto a charge-cou-
pled device video camera system [3]. The green light used is absorbed by the red 
blood cells (RBCs) thus enabling the observation of RBCs flowing in the arteri-
oles, capillaries, and venules of the organ’s surface on which the light guide is 
placed. A next- generation, improved device was introduced called a sidestream 
dark field (SDF) imaging device (with a central light guide accompanied by 
concentrically placed light emitting diodes (LEDs)). By illuminating light of 
wavelength 530 nm from the outer core of the SDF light guide, tissue was illu-
minated from the side and reflected light collected by a centrally located light 
guide lens system, which was optically isolated from the illuminating outer ring 
to prevent the contamination by tissue surface reflections of illuminating light. 
The SDF image device enabled better observation of the microcirculatory sys-
tem than its predecessor [7, 8] and has been used in many studies in the micro-
circulatory research field over the last decade. Subsequent, third-generation 
devices are referred to as incident dark field illumination (IDF) devices based on 
an early optical design by Sherman and Cook [9]. To date, IDF devices have 
provided the best images, revealing an additional 30% more visible capillaries 
than the previous generation devices [10]. In addition to IDF illumination asso-
ciated with a high-grade magnification lens, the use of high-brightness LEDs 
with extremely short pulse time synchronized with the image acquisition 
enabled such sharp microcirculation images to be detected [11]. The use of IDF 
imaging can be regarded as the current state-of-the-art in clinical microcircula-
tion research.

Despite limitations imposed by the technology for obtaining high quality video, 
and the long duration required for off-line software-based analysis, microcircula-
tory assessment of critically ill patients has provided detailed new insight into the 
origin of disease and the response to therapies. In this chapter, we would like to 
highlight the importance of the need to monitor the microcirculation at the bedside 
and update recent findings related to clinical microcirculation measurements in 
intensive care patients.
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28.2  What Microcirculatory Measurement Has Taught  
Us About Pathophysiology

The second consensus on the assessment of sublingual microcirculation formulated 
by a European Society of Intensive Care Medicine (ESICM) task force provided a 
cornerstone for the clinical introduction of bedside monitoring of the microcircula-
tion [12]. This consensus reviewed the need for better image acquisition and quality, 
and standardized image analysis and interpretation, and addressed the future 
requirements that needed to be met for the routine clinical introduction of microcir-
culatory measurement [12]. Specific patterns of microcirculatory vasculature altera-
tions enable a differential diagnosis to be made to identify the cause of a loss of 
hemodynamic coherence between the systemic circulation and the microcircula-
tion, in which normalized systemic variables are insufficient to identify the presence 
of microcirculatory dysfunction leading to parenchymal cell injury [13]. Four types 
of microcirculatory alterations can be identified, all associated with the develop-
ment of reduced oxygen transport to the tissues by the microcirculation: heteroge-
neity, hemodilution, constriction/tamponade, and edema. The presence of 
heterogeneity in the perfusion of the microcirculation with the presence of plugged 
vessels next to patent vessels has been found to be specific to sepsis and associated 
with a high degree of sensitivity and specificity for mortality greater than those 
provided by systemic circulatory parameters [14, 15]. The consensus also identified 
the manner in which the different types of shock could be distinguished, how to 
perform a differential diagnosis on the types of microvascular alterations, and what 
to expect after interventions. Based on the foundation set by the consensus docu-
ment, the assessment of the sublingual microcirculation has evolved beyond critical 
care. Currently, the state-of-the-art is focused on optimizing individualized care by 
microcirculation-targeted resuscitation and on early identification of medical treat-
ment or interventions to optimize treatment response and prognosis. The inclusion 
of the ability to monitor the presence and activation of leukocytes [16] has in addi-
tion provided a unique monitoring platform to assess endothelial and inflammatory 
abnormalities in conjunction with the microhemodynamics associated with critical 
illness. From this point of view, bedside assessment of the (patho)physiological 
status of the microcirculation allows a personalized approach to be implemented in 
clinical practice by targeting resuscitation based on the normalization of the micro-
circulation in which differential diagnosis, identification and titration of treatment 
therapy, and (most importantly) evaluation of the efficacy of the therapy to normal-
ize the microcirculation can be implemented.

28.3  Fluid Status

Administration of fluids is a cornerstone of the treatment of critically ill patients with 
hypovolemia or hypotension. Microcirculatory measurement during fluid therapy has 
been performed in various perioperative and intensive care studies. The need for the 
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administration of fluids in response to the presence of hypovolemia can be assessed at 
the bedside by observation of reduced functional capillary density (FCD). FCD is 
defined by the total vessel density (TVD) and perfused vessel density (PVD) as a 
measure of diffusive capacity, and microvascular flow index (MFI) or RBC velocity 
(RBCv) as an indicator of the convective capacity of the microcirculation [12, 17]. 
Microcirculatory assessment found that the changes in afterload status were not 
directly related to the proportion of perfused vessels in microvascular perfusion [18] 
as expected, but were more related to preload [19]. In experimental and clinical stud-
ies, it was shown that colloids were more effective in recruiting the microcirculation 
than were crystalloids [20]. An optimal hemoglobin concentration for recruiting the 
microcirculation was investigated [21]. Recently a study suggested the presence of a 
possible coherent point (defined as mean circulatory filling pressure analog (Pmca)) 
between systemic hemodynamics and the microcirculatory system [22].

28.4  Sepsis

The mechanisms underlying the progress of sepsis to organ failure have been a 
source of speculation. A key role in this respect has been attributed to the pathogen-
esis of microcirculatory dysfunction leading to parenchymal injury. Several func-
tional parameters of the microcirculation have been identified in sepsis patients, 
including alterations in FCD, TVD, PVD, MFI, and RBCv. Specifically, the hetero-
geneity index and space-time frames per vessel measuring perfusion abnormalities 
have been found to be altered, with their properties being different in different 
phases of the disease course and during resuscitation [12, 17, 23]. Such studies have 
shown that microcirculatory assessment in sepsis patients can predict the progress 
of the disease and the associated prognosis and mortality [10, 23, 24]. Assessment 
of parameters related to the function of the microcirculation may also provide 
insight into the efficacy of treatment, and even into the specific target for individual-
ized treatment, which can lead to more effective treatment options, and more precise 
interventions and timing for effective control of sepsis [25–28]. By applying micro-
circulation assessment, it may also be possible to distinguish early on the develop-
ment of sepsis from other forms of infection and shock [29, 30], thus providing a 
more sensitive window of opportunity to treat sepsis.

28.5  COVID-19

The coronavirus disease 2019 (COVID-19) pandemic has resulted in catastrophic 
casualties since late 2019, approaching 615 million confirmed diagnoses and result-
ing in 6.54 million deaths to date. COVID-19 has had not only a huge health issue- 
related impact but also a large socioeconomic burden. It is generally accepted that 
the endothelium is central in defining the pathophysiology of COVID-19 [31], 
which directly suggests the potential importance of microcirculatory monitoring for 
assessment of the presence and nature of the disease.
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In a multicenter international study in COVID-19 patients, we investigated whether 
there were signs of microcirculatory alterations as are seen in sepsis [32]. Analysis of 
the microcirculation revealed the presence of increased microcirculatory leukocytes 
and microthrombi in agreement with the general finding of the inflammatory response 
known to occur in COVID-19 patients (Fig. 28.1). However, in this study we found, 
contrary to the microcirculatory alterations found in bacterial sepsis, increased TVD 
accompanied by a shift in RBC availability from the systemic circulation to the micro-
circulation as evidenced by a decrease in systemic hematocrit with a concomitant 
increase in microcirculatory hematocrit. These findings indicated the activation of an 
adaptive mechanism to enhance the oxygen extraction capacity of the microcircula-
tion by decreasing diffusion distances between capillaries (increased TVD) and 
increasing convection of RBCs (increased RBC flow) in response to the COVID-19-
induced hypoxia. A similar microcirculatory response to hypoxia has been shown to 
occur in healthy mountain climbers at high altitude conditions [33, 34]. This finding 
in COVID-19 patients explained the clinical condition described as “happy hypoxia” 
found in these patients [35]. Interestingly, this adaptive mechanism we found in 
COVID 19 patients was not present in patients who had sequential organ failure 
assessment (SOFA) scores >10 [32]. A well-described case study illustrating the vari-
ous microcirculatory aspects of the COVID-19 patient, including recovery, was 
reported by Grewal and his colleagues [36] in a patient with subcutaneous emphy-
sema, venous thrombosis, and pneumomediastinum. Microcirculatory images showed 
increases in PVD and RBCv as the disease became more severe indicating a need to 
recruit the microcirculation in response to hypoxia. Values returned to normality upon 
amelioration of the disease state.

Similar results as described above with variable properties have been found by 
other authors [32, 37]. Taken together, the loss of coherence between the systemic 
circulation and the microcirculation might serve as a predictor of the severity of 
disease and possibly be a prognosis factor for COVID-19 patients, a hypothesis 
which would need further study. In addition, the findings of multifocal microthrom-
bosis and leukocyte recruitment might be a signal of activation of the inflammatory 
response [32, 38, 39]. The above findings support the idea that assessment of the 
microcirculation may provide a promising point-of-care modality for COVID-19 
patients.

a b c

Fig. 28.1 Sublingual microcirculatory images obtained from incident dark field illumination 
(IDF) camera in patients with coronavirus disease 2019 (COVID-19). Panel (a): Sublingual micro-
circulation with microthrombi (white arrow) and leukocytes (black arrow). Panel (b): Rolling leu-
kocytes (black arrow). Panel (c): Space-time diagram showing the rolling leukocytes
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28.6  Analysis of Microcirculatory Images and MicroTools 
as a Point-of-Care Tool for Microcirculatory Assessment 
at the Bedside

The analysis of microcirculatory images obtained from a hand-held vital microcir-
culation device has been challenging. Obtaining clinically significant functional 
microcirculatory parameters from vasculature mapping and flow calculation analy-
sis has conventionally been done manually (AVA software), which was extremely 
time-consuming. A key requirement for reliable analysis to be made is that images 
are of sufficient quality for analysis. Quality can be assessed by the application of 
Massey’s score, which requires five quality dimensions, including illumination, 
duration, focus, content, stability, and the presence of a pressure artifact [40]. For 
real-time clinical applications, there was a need for automatic analysis software. 
The first attempt for such a tool was provided by development of the so-called 
Automatic Vascular Analysis (Microvision Medical BV, Amsterdam, the 
Netherlands) [41]. This software was semi-automatic and had to be applied offline. 
It was a great step forward for clinical application because it allowed the calculation 
of quantitative variables related to the function of the microcirculation.

A major limitation impeding the introduction of microcirculatory assessment as a 
routine clinical technique has been the unavailability of quantitative automatic analysis 
software for real-time quantitative evaluation of the microcirculation. Such a develop-
ment is essential to identify the quality of measurements and identify states of disease in 
need of therapy and ultimately to introduce microcirculatory- guided resuscitation where 
titration of therapy is indicated based on changes in the microcirculation [42].

Recently, we developed and clinically validated an automatic image analysis soft-
ware platform for the analysis of microcirculation images for providing a quantitative 
assessment of microcirculatory variables, called MicroTools (Active Medical BV, 
Leiden, The Netherlands). We clinically validated MicroTools in an international 
database of 267 adult and pediatric patients in various states of disease [43], compar-
ing analysis using MicroTools to analysis using the gold standard manual analysis and 
found a perfect correlation. Whereas manual analysis required in excess of 400 h to 
analyze the whole cohort, MicroTools was able to analyze the whole data set in under 
45 min, supporting the idea that MicroTools can be used as a point-of-care tool at the 
bedside to implement microcirculation guided therapy (Fig. 28.2).

a b c

Fig. 28.2 (a–c) Steps of sublingual microcirculatory analysis obtained from the fully automatic 
image analysis software, MicroTools (Active Medical BV, Leiden, The Netherlands)

S. H. Kuo et al.



397

Using MicroTools, the two main determinants of oxygen transport to tissue by 
the microcirculation can be quantified and distinguished, mainly the ability to quan-
tify microcirculatory diffusion and its convection capacity. This ability enabled us 
to develop a new resuscitation parameter, which we termed tissue RBC perfusion 
(tRBCp) [44], which combined the diffusive and convective capacity of the micro-
circulation into a single parameter. We propose that this parameter might be a prom-
ising target to optimize microcirculatory tissue oxygen delivery in a resuscitation 
setting in critically ill patients [44].

28.7  Database Deep Learning and Artificial Intelligence

Gradually accumulating microcirculatory data in different states of disease and 
resuscitation have led to the suggestion that deep learning and artificial intelligence 
could be used to analyze images and extract clinically useful information from 
microcirculatory images [45].

Such an approach requires the availability of a large dataset to enable learning 
algorithms to be applied. To this end, we extended the previous data set we described 
in our clinical validation of MicroTools [43] to over 600 patients including informa-
tion about their clinical status and their microcirculatory images. Using a subset of 
this database, we included four international, multicenter cohorts of critically ill 
COVID-19 patients and healthy volunteers and applied neuronal network training 
and internal validation on this data set. In addition, we quantified functional micro-
circulatory hemodynamic variables using MicroTools. Our results showed a slight 
advantage of artificial intelligence over MicroTools to distinguish COVID from 
healthy patients but when artificial intelligence analysis was combined with 
MicroTools, there was a high sensitivity and specificity to identify COVID-19 
patients from microcirculatory images with an AUC of 0.84 [45]. This first such 
artificial intelligence study shows great promise for machine learning approaches 
for analysis of microcirculation images.

28.8  Future Developments

Current developments are ongoing to make microcirculation measurements more 
reliable and easier to perform. Such developments include optimizing image acqui-
sition [46], introduction of educational programs [47], and the use of image stabiliz-
ers [48]. Further developments in the hardware investigated the potential use of 
other wavelengths showing improved image quality [49]. In addition, Kurata and 
co-workers proposed the use of dual-wavelength imaging to also obtain images of 
oxygen availability [50].
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28.9  Conclusion

There is a severe lack of diagnostic tools at the bedside providing detailed informa-
tion regarding the nature of disease and response to therapy. Such techniques are 
currently limited to the assessment of systemic hemodynamic variables and blood 
analysis whereas, outside of biomarkers, there is little to no information about the 
pathophysiological conditions of the parenchymal cells of the various organ sys-
tems. The nature of critical illness however is much more complex than systemic 
variables, which is why the introduction of microcirculatory analysis has had a sig-
nificant impact on our understanding of the nature of critical illness over the last 
decade. Most importantly, these microcirculation studies have revealed the disas-
sociation between the macro- and microcirculations, especially in states of inflam-
mation. These observations have provided valuable, personalized insight into 
critically ill patients. Microcirculatory assessment is a promising tool for the future 
that should be integrated with other bedside diagnostic tools. It is anticipated that 
receiving such detailed information about the origin of disease at the level of the 
microcirculation and its response to therapy will truly enable personalized medicine 
to be practiced at the bedside.
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29Intracellular Measurements 
of Micronutrients in the Critically Ill

A. M. E. de Man, F. A. L. van der Horst, and X. Forceville

29.1  Introduction

Micronutrients have been an area of intense research for decades in critical care; 
however the assessment of their status in intensive care unit (ICU) patients remains 
difficult [1]. This is problematic, because an adequate micronutrient status is 
essential for critically ill patients, due to the crucial role of micronutrients in 
metabolic, antioxidant, endocrine, and immune functions and thus in patient 
recovery [2, 3]. Measurement of plasma concentrations is the most common way 
to estimate micronutrient status. Decreased plasma concentrations are associated 
with poor wound healing, muscle weakness, inadequate immune response, and 
organ failure [4]. In critically ill patients, plasma micronutrient concentrations 
can be decreased up to 90% (!) [5] due to real losses through body fluids or 
increased metabolic use and/or apparent deficiencies caused by altered protein 
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binding, dilution, or redistribution due to inflammation. Therefore, plasma con-
centrations frequently may not adequately represent body status. In addition, 
these measurements of plasma concentrations are complex and expensive and 
mostly only available once every 2 weeks in routine settings. Therefore, in most 
critical care settings micronutrients are pragmatically supplemented, without esti-
mation of their concentrations. Guidelines for micronutrient provision during 
critical illness are largely empiric [3]. However, administration of micronutrients 
to patients without a real micronutrient deficiency is unlikely to yield benefit and 
may potentially be disadvantageous. For example, vitamins C and E may some-
times disturb immune homeostasis by increased production of pro-inflammatory 
cytokines [6]. Furthermore, pro-oxidants are necessary to overcome antioxidant 
production by pathogens in some settings [7–9]. Plasma concentrations may 
therefore not be helpful in the management of critically ill patients. Intracellular 
concentrations may reflect the functional micronutrient status more adequately in 
case of inflammation. Erythrocytes and leukocytes are readily accessible body 
cells to assess the micronutrient status with. However, interpretation of the func-
tional status based on intracellular concentrations can be complex. For example, 
the selenium atom is always inserted by covalent liaison(s) in selenocompounds 
(such as selenocysteine at the active site of all selenoenzymes, selenite, and the 
storage form selenomethionine). It does not act as a cofactor and/or ion, which is 
a crucial difference with nearly all other trace elements, such as zinc [10].

In this chapter, we will discuss the effects of inflammation on micronutrient 
plasma levels and summarize the results of relevant clinical studies investigating 
simultaneously plasma and intracellular measurements of micronutrients in patients 
with inflammation and in critically ill patients.

29.2  Inflammation

Most critically ill patients develop systemic inflammation in the early phase of their 
ICU stay due to their underlying illness, such as sepsis, trauma, or post-cardiac 
arrest. Release of pro-inflammatory cytokines increases capillary permeability, 
leading to leakage of plasma constituents to the interstitium, including the carrier 
proteins albumin and retinol binding protein. In addition, the production of these 
carrier proteins in the liver is decreased during inflammation [5]. Furthermore, 
sequestration of several micronutrients in the liver and other organs is stimulated by 
pro-inflammatory cytokines [11]. All these factors result in decreased circulating 
levels of multiple micronutrients [5].

Estimating micronutrient body status by plasma concentrations assumes a 
static equilibrium between circulating, tissue, and storage pools. However, the 
concentrations in these compartments is dynamic, and strongly affected by 
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systemic inflammation [12]. This redistribution of the micronutrients between the 
different pools may be of benefit to the host. For example, the hepatic sequestra-
tion of zinc may guarantee its availability for crucial processes such as synthesis 
of acute-phase proteins and prevention of microbial invasion. Deprivation of 
plasma iron and selenium [13] may hamper bacterial growth. Low plasma concen-
trations may therefore not indicate deficiency in these cases, but reflect a benefi-
cial adaption [12].

The magnitude of the effect of inflammation on plasma concentrations of micro-
nutrients is often substantial, especially when C-reactive protein (CRP) concentra-
tions are high. The effect is also highly variable, making adjustment of plasma 
concentrations based on CRP concentrations unreliable. Despite extensive reporting 
in the literature, there remains a general lack of awareness of the impact of inflam-
mation on plasma micronutrient concentrations in clinical medicine, including 
among the critical care society [5].

29.3  Real vs. Apparent Deficiency

In critically ill patients, ‘deficiency’ is mostly defined as plasma concentrations 
below a reference interval (as defined for healthy persons). However, decreased 
plasma micronutrient concentrations can be caused by apparent and/or real defi-
ciency (Fig. 29.1). Apparent deficiency can be caused by systemic inflammation 
with redistribution, decrease in carrier proteins, and hemodilution due to fluid 
loading [14]. Real deficiency can result from pre-existent malnutrition, losses 
from body fluids (increased urinary excretion, transdermal fluid losses through 
burn or traumatic wounds, gastrointestinal fistulae) or continuous renal replace-
ment therapy (water-soluble micronutrients), decreased intestinal absorption, 
insufficient intake, medication use, and increased metabolic consumption. It is 
impossible to quantify the contribution of each factor to the low plasma concen-
trations. The question is whether threshold levels can be defined below which real 
deficiency is certainly present irrespective of the systemic inflammation [5]. In 
addition, it is not always possible to measure all relevant levels of a biomarker in 
a routine setting to assess the physiological status. For example, in the case of 
selenium, plasma selenium concentration does not provide information about: (1) 
the concentration on selenoenzymes, which are the effectors of antioxidant action 
or intracellular redox potential control; (2) the selenium storage form, selenome-
thionine [13, 15–18]; (3) derivates of selenite in case of infusion or bolus admin-
istration [13, 15–18].
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Fig. 29.1 Real versus apparent deficiency of micronutrients

29.4  Elective Surgery as a Model for Inflammatory Response

Elective knee or hip arthroplasty induces a significant and reproducible systemic 
inflammatory response and therefore has been considered as an ideal model to exam-
ine the effect of inflammation on plasma micronutrient concentrations and their evolu-
tion when the systemic inflammatory response declines. In all studies investigating 
patients undergoing elective knee or hip surgery, postoperative CRP values peaked at 
48 h [19–23]. In 10 patients who underwent knee arthroplasty plasma, flavin adenine 
dinucleotide (FAD, an indicator of B2) and pyridoxal-5′-phosphate (PLP, an indicator 
of B6) concentrations fell transiently (p < 0.001) by 37% and 48%, respectively, and 
had a time course inverse to that of CRP concentrations with their nadir after 48 h. 
Plasma FAD and PLP concentrations returned to pre-operative values by the seventh 
day post-operation without any dietary intervention, whereas CRP had substantially 
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decreased by this time point but not fully returned to pre-operative levels [19]. In 
another study after knee arthroplasty (n = 11) mean plasma zinc concentrations fell by 
40% (p < 0.001) at 24 h and selenium by 30% (p < 0.001) at 72 h. Both returned 
toward pre-operative values by 168  h without dietary intervention [20]. In a third 
study investigating 33 patients after knee arthroplasty, 25-hydroxyvitamin D (25(OH)
D) concentrations decreased by 40% (p < 0.001) 6–12 h post-operation, and had not 
returned to pre-operative concentrations by day 5 (p < 0.001) [21].

In 11 adult patients after elective hip arthroplasty, plasma vitamin C fell substan-
tially by 74% (p < 0.01) with the nadir on day 2–3, and vitamin E by 36% (p < 0.01) 
with the nadir on day 1–3, whereas CRP increased significantly by 160-fold with 
the peak on day 2 (p < 0.01) [22]. In 26 patients who underwent uncomplicated 
orthopedic operations (osteotomies, joint reconstructions, bone transplant/biopsies, 
arthrodesis), plasma vitamin A (↓40%), plasma vitamin E (↓27%), leukocyte vita-
min C (↓41%), and plasma vitamin B6 (↓54%) mirrored the changes in CRP 48 h 
postoperatively, whereas serum folate (↓35%) and plasma vitamin C concentrations 
(↓40%) also decreased but followed a more random pattern [23].

29.5  Intracellular Measurements

Intracellular measurements could be a better reflection of micronutrient tissue status 
compared to plasma levels in ICU patients [24] and in other patients with inflamma-
tion, because they are less affected during times of acute illness and inflammation. 
Plasma concentrations of micronutrients are a short-term index, fluctuating over a 
shorter time-scale than intracellular concentrations [25]. Blood cells are readily 
accessible. Erythrocytes (life span 110 days) have limited metabolic activity includ-
ing glycolysis, the Rapoport-Luebering shunt, the pentose phosphate pathway, anti-
oxidant reactions, nucleotide metabolism reactions, and membrane transport 
processes. It is likely that erythrocyte concentrations will indicate long-term micro-
nutrient status [26], whereas leukocytes may more accurately reflect acute changes 
in micronutrients status. Leukocytes have a higher metabolic activity, shorter life 
span (13–20 days), and are nucleated and therefore more likely to be representative 
of tissue cells [27]. However, leukocyte metabolism is strongly modified during 
sepsis and acute inflammation with an: (1) up to 100-fold oxygen consumption 
increase; (2) synthesis and excretion of reactive halogen and oxygen species; (3) 
and nevertheless an increased half-life [13].

29.5.1  Practical Issues: Erythrocytes

Erythrocytes are abundantly present and therefore simpler to separate and analyze 
than leukocytes [28]. Erythrocyte analytes are mostly expressed as a ratio of the 
hemoglobin concentration to correct for inaccuracy in pipetting packed red blood 
cells (RBCs). An attractive alternative option is expression as a ratio of the iron 
concentration (as a substitute for hemoglobin), which can be simultaneously 
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measured with other trace elements by inductively coupled plasma mass spectrom-
etry (ICP-MS). To make erythrocytes easier to use as a matrix for routine analysis, 
the decision can be made not to wash erythrocytes prior to analysis, although this 
will make the results less precise [20].

29.5.2  Practical Issues: Leukocytes

Considerable practical difficulties make leukocytes less attractive in a routine set-
ting. A substantial volume of blood is needed and the blood samples have to be 
processed within 2 h after collection, because the concentrations of the leukocytes 
change quickly [26]. Furthermore, separation and isolation of leukocytes is labori-
ous and requires skilled laboratory personnel. The standard methods of isolating 
leukocytes are prone to contamination with platelets, leading to variation in the rela-
tive contribution of platelets [29]. In addition, leukocyte populations may vary con-
siderably in the relative proportions of granulocytes and mononuclear cells. Trying 
to avoid this by separation of granulocytes and mononuclear cells will be even more 
laborious and time consuming and there will always be some degree of contamina-
tion with other cell types [29]. Because of these issues, the leukocyte (buffy layer) 
estimation is rather crude and subject to considerable difficulty in interpretation.

29.6  Clinical Studies with Intracellular Measurements

In the last two decades, several studies have compared intracellular measurements 
of micronutrients with plasma concentrations, mostly in erythrocytes (Table 29.1).

29.6.1  Elective Knee Arthroplasty

Two studies investigated erythrocyte concentrations of micronutrients in patients 
having elective knee arthroplasty, as model for a significant and reproducible sys-
temic inflammatory response. In 10 patients, erythrocyte thiamine diphosphate 
(TDP, an indicator of B1) concentration remained stable and within the reference 
range over the period of the study. TDP is largely located in the erythrocyte and as 
such is a recognized marker of tissue status. Erythrocyte FAD (an indicator of B2) 
and PLP (an indicator of B6) also remained stable and within reference intervals 
over the study period of 7 days. By contrast, plasma concentrations of FAD and PLP 
decreased below the reference range, inversely to the CRP-peak, and normalized at 
the end of the study period [19].

In a second study of 11 patients, mean plasma zinc and selenium concentrations 
decreased by 40% and 30%, respectively, with nadirs at 24 h for zinc and 72 h for 
selenium, and normalization of both by 168 h. The erythrocyte concentrations of 
zinc and selenium remained stable throughout the study period. These studies sug-
gest that erythrocyte FAD, PLP, zinc, and selenium concentrations are not affected 
by the systemic inflammatory response [20].
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29.6.2  Critically Ill Patients

Two studies compared intracellular measurements in critically ill patients with 
values in healthy volunteers. In the first study (126 healthy volunteers and 96 
critically ill patients), median plasma PLP was 62% lower in the critically ill 
group than in the healthy volunteers (p < 0.001), whereas the median red cell 
PLP was 33% lower (p < 0.001). White blood cell PLP concentrations could not 
be compared because they were not part of the original protocol and therefore 
not measured in the control group. These results support the hypothesis that 
erythrocyte PLP concentrations may be a more accurate reflection of tissue sta-
tus than plasma measurements in critically ill patients [28]. In a second study 
(67 healthy volunteers and 82 critically ill patients), plasma α-tocopherol (an 
indicator of vitamin E) was significantly lower in critically ill patients compared 
with the controls (p < 0.001) with 41% of patients having concentrations below 
the reference interval. Erythrocyte α-tocopherol corrected for hemoglobin was 
similar (p = 0.852) in the critically ill patients and control subjects. The results 
of this study illustrated the discrepancy between vitamin E measurements in 
plasma and in erythrocytes [30].

In a study investigating 95 critically ill patients (29 with sepsis) in Brazil, mean 
selenium plasma and erythrocyte concentrations were significantly lower in patients 
with sepsis compared with the other critically ill patients. These results probably 
reflect two different mechanisms. Plasma selenium and selenoprotein-P decrease is 
associated with sepsis and its severity. In addition, there is a large selenium defi-
ciency in Brazil that is likely to be implicated in low erythrocyte selenium concen-
tration [11, 32]. These previously selenium-deficient patients are likely more 
susceptible to sepsis and oxidative stress than selenium-replete patients [13]. This 
pattern was not seen for zinc. Plasma zinc (84.2%), plasma selenium (100%) con-
centrations, and erythrocyte selenium concentration (82.6%) were below the refer-
ence interval for the healthy population [11]. In a second study focusing on critically 
ill patients (n = 125) in Scotland, plasma zinc and selenium concentrations at base-
line were significantly below reference ranges, whereas erythrocyte zinc and sele-
nium concentrations were normal [31].

In a recent study, plasma vitamin C concentrations were significantly lower 
in 18 patients with sepsis compared to 20 healthy volunteers (p < 0.05), whereas 
neutrophil ascorbate concentrations were comparable. In contrast, erythrocyte 
ascorbate concentrations from these septic patients were significantly lower 
than in healthy controls (p = 0.002), although 2.2-fold higher than the matched 
plasma concentrations in these patients (p = 0.008) [25]. This difference may be 
explained by increased generation of dehydroascorbic acid (DHA) in critically 
ill patients, accumulated in the erythrocytes by the glucose transporters and 
reduced back to ascorbate due to the presence of other antioxidants in the eryth-
rocytes [33].

29 Intracellular Measurements of Micronutrients in the Critically Ill
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29.7  Discussion

Two small studies of patients having elective knee arthroplasty as a model for a 
significant and reproducible systemic inflammatory response showed that plasma 
concentrations of FAD, PLP, zinc, and selenium decreased transiently by 26–48% 
with their nadir at 48 h by contrast to the timing of the CRP peak. In contrast, eryth-
rocyte concentrations remained stable.

In critically ill patients, plasma concentrations of vitamins B6, C, and E were 
decreased by 40–85% compared to healthy volunteers, and plasma zinc, selenium, 
and the major plasma selenoenzyme, selenoprotein-P, concentrations were below 
the reference range in 84–100% of the patients. In contrast to the plasma concentra-
tions, the results of erythrocyte concentrations of the different micronutrients in 
critically ill patients were mixed. Erythrocyte vitamin E concentration remained 
stable, but there was a decrease in erythrocyte concentrations of vitamin B6 and 
vitamin C (33–57%), less pronounced compared to the decrease in plasma. 
Erythrocyte zinc concentrations were within the reference range for the healthy 
population, whereas the results for selenium were mixed, probably reflecting the 
impact of sepsis on plasma selenium and selenoprotein-P concentration and the 
importance of previous selenium status on erythrocyte selenium concentration (82% 
below reference range of normal).

Currently, micronutrient strategies vary hugely worldwide, with only 24% of the 
VITA-TRACE survey respondents actually performing some form of micronutrient 
monitoring [34]. Although high-dose micronutrient monotherapy is currently not 
advised due to lack of clinical benefit, repletion/administration of micronutrients at 
nutritional doses and in long-term infusions is recommended practice in major 
burns, high-output gastrointestinal fistulae and during continuous renal replacement 
therapy. For other critically ill patients, intravenously administered micronutrient 
bundles of moderately increased doses may improve clinical outcome, but (micro)
nutrition requirements, although well-defined for healthy individuals, are largely 
unknown during critical illness [4]. These requirements will vary substantially 
between patients and with every phase of disease. One size will certainly not fit all. 
Furthermore, micronutrients never work alone, so should be viewed as a whole, as 
part of a complex and interconnected metabolic network [35]. The literature shows 
that plasma concentrations are unreliable to estimate micronutrient requirements in 
the critically ill; especially because not all relevant forms of a biomarker are avail-
able in a routine setting. For example, selenium is a required atom for selenoen-
zymes, so we have to move from selenium concentrations to selenocompounds 
concentrations and activity (e.g., selenoenzymes: selenoprotein-P and glutathione 
peroxidase 3 for plasma, and glutathione peroxidase 1 for erythrocytes; or selenite 
oxidant and pro-antioxidant compound depending on its concentration), and their 
actions as nutritional or therapeutic targets.

The results of clinical studies have shown that micronutrient concentrations in 
erythrocytes are unaffected by the acute inflammatory response after elective sur-
gery. Micronutrient concentrations in erythrocytes are likely to better reflect tissue 
status in patients with critical illness, since almost all these patients will have 
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systemic inflammation, but may also simultaneously have a true deficiency (due to 
real losses through body fluids, increased metabolic consumption or previous nutri-
tional deficiency). These measurements may thus more reliably identify patients 
who may benefit from supplementation. The mixed results of the measurements of 
erythrocyte concentrations, but also of micronutrient supplementation in the criti-
cally ill [3] support this hypothesis. If erythrocyte concentrations are normal, sup-
plementation may not be necessary and may even be disadvantageous for patients 
[8, 9]. Only two of the studies in Table 29.1 reported measurements of micronutri-
ents in leukocytes. This is probably due to the more complex use of leukocytes, not 
only for research but also in a routine setting. However, these cell types might reflect 
the actual intracellular micronutrient status of a patient even better than erythro-
cytes, because they are metabolically more active. The feasibility of this approach, 
however, strongly depends on the development of easy to use isolation protocols for 
leukocytes.

Current results are not conclusive with regard to the potential of erythrocyte or 
leukocyte measurements as an index of tissue micronutrient status in critically ill 
patients. To be a useful indicator of tissue status, micronutrient concentrations in 
erythrocytes or leukocytes would be expected to decrease in patients developing 
deficiency and subsequently increase when supplementation is given [20]. Even 
more important, measurement of erythrocyte or leukocyte micronutrient concentra-
tions is only useful if supplementation based on the results would yield better clini-
cal outcomes. In that case, erythrocyte or leukocyte measurements could be used to 
guide personalized supplementation. These clinical studies have not been performed 
yet. In addition, the analytical capacities to measure not only plasma, but also intra-
cellular concentrations of erythrocytes and possibly leukocytes, require facilities 
that are sporadically available worldwide. However, with current developments of 
modern laboratory equipment these tests might become available in a more routine 
setting in the coming years.

At this moment, the most common practice is to use CRP to estimate inflamma-
tory status. In patients with CRP levels of more than 50 mg/l, plasma threshold 
values less than 20% of the lower reference range for the micronutrients may iden-
tify most deficient patients [4]. But, as demonstrated earlier, due to the substantial 
variability in the association between CRP and plasma micronutrients, this is only a 
rough estimation.

29.8  Conclusion

Plasma concentrations are the most frequently used estimators of the tissue status of 
micronutrients, but are unreliable due to systemic inflammation with redistribution, 
dilution, and decreased carrier protein concentrations. Well-defined reference inter-
vals exist for healthy persons, but not for the critically ill. Erythrocytes and leuko-
cytes may be an alternative matrix to assess tissue status in the critically ill. Until 
now, despite decreased plasma concentrations, administration of micronutrients 
during severe illness has given mixed results, and may even sometimes be 
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disadvantageous [8, 9]. Measurement of plasma micronutrient concentrations in 
critically ill patients (or other patients with systemic inflammation) and comparing 
these with reference intervals for healthy persons will often be misleading and 
should generally be avoided [6]. Intracellular micronutrient concentrations in eryth-
rocytes and/or leukocytes are promising as a more reliable estimate of tissue status 
than plasma measurements in critically ill patients.

Further studies are required to investigate whether deficiencies in erythrocyte or leu-
kocyte concentrations of micronutrients are related to clinical outcome in critically ill 
patients and whether supplementation improves erythrocyte or leukocyte concentrations 
and clinical outcome in patients with probable micronutrient deficiencies. This approach 
is only feasible if advanced technologies are developed, such as multiparameter assays, 
to perform these measurements in daily clinical care for personalized medicine.
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30Optimal Glycemic Targets in Critically Ill 
Patients with Diabetes

A. P. Poole, M. Horowitz, and A. Deane

30.1  Introduction

Admission to an intensive care unit (ICU) can be precipitated by a variety of illnesses 
and injuries. Pre-existing diabetes markedly increases the risk of many of these ill-
nesses [1]. Even in the absence of pre-existing diabetes, critically ill patients frequently 
develop hyperglycemia and insulin resistance, which has been termed ‘stress hypergly-
cemia’ [2]. Stress hyperglycemia is in part a reflection of the endogenous response to 
the illness or injury, including the secretion of counter-regulatory hormones, and treat-
ments administered, including catecholamines, nutrition, and steroids, which exacer-
bate any disordered glucose metabolism induced by the illness or injury [3].

The rationale for treating hyperglycemia in the critically ill is underpinned by 
observational data consistently reporting strong associations between hyperglyce-
mia and adverse outcomes, including increased mortality [4]. Whether such asso-
ciations represent an epiphenomenon of critical illness or a causative relationship 
remains contentious [3].
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There are observational data that glycemic variability, a metric describing the 
magnitude of glucose fluctuations over time, is an independent predictor of morbid-
ity and mortality [5–7]. While a reduction in variability may be a surrogate marker 
for better provision of intensive care, these adverse outcomes could also reflect the 
harmful impact of rapidly fluctuating blood glucose concentrations, which is to 
induce apoptosis and increase cytokine production and oxidative stress [8, 9].

There are also well described relationships between hypoglycemia and adverse 
outcomes, and the impact of these physiological responses may be synergistic dur-
ing episodes of critical illness. Hypoglycemia (<4.0 mmol/l) or even a single epi-
sode of severe hypoglycemia (<2.2 mmol/l) are independently associated with a 
greater risk of dying [10, 11].

The management of hyperglycemia in the ICU frequently involves administra-
tion of intravenous insulin [12], with the inherent risk of causing hypoglycemia as 
well as increased glycemic variability [13]. This is compounded by other risk fac-
tors such as, but not limited to, renal failure, sepsis, and calorie intake [14].

In this chapter, we review the management of hyperglycemia in critically ill adult 
patients with type 2 diabetes, which will be referred to as diabetes throughout. The 
following areas are the focus: early trials of glucose control during critical illness, 
current management guidelines, glucose metrics modified by diabetes, prevalence 
of diabetes in critically patients, personalized approach to glycemic control, and 
recommendation for future research directions.

30.2  Early Trials of Glucose Control During Admission 
to the ICU

The apparent strong association between hyperglycemia and adverse outcomes in 
critically ill patients provided the rationale for a single center, open-label, parallel- 
group, randomized clinical trial of so-called ‘intensive insulin therapy’ in patients 
after major surgery admitted to an ICU [15]. Subsequently, large trials reported 
between 2001 and 2009 included patients irrespective of the presence of pre- existing 
diabetes. In the first trial [15], the intervention was ‘intensive insulin therapy’, 
which involved the strict treatment of hyperglycemia to maintain a blood glucose 
between 4.4 and 6.1 mmol/l with intravenous insulin. The investigators planned to 
include 2500 adult patients who required mechanical ventilation and primary out-
come was all-cause mortality in the ICU, with secondary outcomes including in- 
hospital mortality and duration of ICU admission. The trial was stopped after 1548 
participants due to a reduction in mortality in patients assigned intensive insulin 
therapy (intensive: 35 of 765 (4.6%) vs. comparator: 63 of 783 (80%); adjusted 
p < 0.04). Interim analyses were repeated at 3-month intervals and the trial stopped 
after the fourth analysis. While adjusting for repeated analysis, the p value did meet 
the set point for statistical significance; however, it should be appreciated that even 
with statistical adjustments for repeated analyses the risk of bias in an open-label 
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trial remains [16]. The same investigators then conducted a single center, open- 
label, parallel-group, randomized clinical trial of 1200 patients from a medical 
ICU.  Again, patients were eligible irrespective of previous diabetes. Between 
groups there was no statistically significant difference in the primary outcome of 
all-cause hospital mortality. A pre-planned analysis in those with greater exposure 
to the intervention (defined as 3 days or more) was undertaken [17]; in this subgroup 
a reduction in in-hospital mortality was evident in those assigned intensive insulin 
therapy (intensive: 121 of 386 (31.3%) vs. comparator: 145 of 38.1%); p = 0.05). 
When interpreting this observation it should be appreciated that post-randomization 
identification of a subgroup can be problematic, as conventional statistical methods 
are invalid when the post-randomization factor, in this case duration of exposure, is 
affected by the intervention being studied [16]. The studies included 407 patients 
with pre-existing diabetes; there was no significant difference in the primary out-
come of hospital mortality (intensive: 48 of 207 (23.2%) vs. comparator: 44 of 200 
(22.0%)) in these patients [18].

Glucontrol was a multicenter, open-label, parallel-group, randomized clinical 
trial comparing an intervention of intensive insulin therapy aiming for a blood glu-
cose range of 4.4–6.1 mmol/l and a comparator group with a target blood glucose 
range of 7.8–10  mmol/l [19]. The trial was planned to enroll 3500 patients, but 
recruitment was terminated by the data safety monitoring board at the first interim 
analysis because of unintended protocol violations and time spent with blood glu-
cose readings out of range. The trial was stopped after 1101 patients, with a three-
fold increase in the proportion of patients having a hypoglycemia event (<2.2 mmol/l, 
intensive: 8.7% vs. comparator: 2.7%) and no statistical difference in 28-day mor-
tality (intensive: 100 of 536 (18.7%) vs. comparator: 83 of 542 (15.3%); 
p = 0.14) [19].

The Efficacy of Volume Substitution and Insulin Therapy in Severe Sepsis 
(VISEP) study was a multicenter randomized clinical trial that incorporated a two- 
by- two factorial design. One of the interventions tested was an intensive insulin 
regimen (commenced >6.1 mmol/l maintained between 4.4 and 6.1 mmol/l); in the 
comparator group, insulin was commenced at >11.1 mmol/l, aiming to maintain a 
blood glucose between 10 and 11.1 mmol/l. This branch of the study stopped fol-
lowing the first safety analysis at 488 participants [20]. The intensive insulin therapy 
component was terminated because the data safety monitoring committee observed 
a substantial increase in the risk of hypoglycemia, defined as ≤2.2 mmol/l, with the 
intervention (intensive: 30 of 247 (12.1%) and comparator: 5 of 241 (2.1%)) [20]. 
All-cause day 90 mortality was not significantly different (intensive: 98 of 247 
(39.7%) vs. comparator: 102 of 288 (35.4%) p = 0.31), including in the sub-group 
of patients with diabetes (intensive 29/72 (40.3%) vs. comparator 38/91 (41.8%) 
p = 0.85) [20].

While the results of subsequent trials appeared incongruent with the initial Leuven 
trial [15], they also demonstrated that maintaining blood glucose within strict ranges 
across multiple sites was particularly challenging. The Normoglycemia in Intensive 
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Care Evaluation-Survival Using Glucose Algorithm Regulation (NICE- SUGAR) trial 
was a multicenter, open-label, parallel-group, randomized trial evaluating intensive 
insulin therapy to achieve a blood glucose of (4.5–6.0 mmol/l) with a comparator 
group with a blood glucose <10.0 mmol/l [21]. The trial included 6100 participants 
and the primary outcome was all-cause mortality at day 90. In this trial, intensive 
insulin therapy increased 90-day mortality (intensive: 829 of 3010 (27.5%) and com-
parator: 751 of 3012 (24.9%); p = 0.02) and episodes of hypoglycemia (≤2.2 mmol/l) 
(206 of 3016 (6.8%) and 15 of 3014 (0.5%)) [21]. Subsequent analysis of the NICE-
SUGAR study data indicated that even with adjustment for baseline and post-random-
ization confounders, the association of moderate and severe hypoglycemia with 
mortality remained significant in the sub-group of patients with diabetes (intensive 
195/615 (31.7%) vs. comparator 165/596 (27.7%); p = 0.60) [22].

Taken together, these earlier randomized clinical trials suggest that, at least out-
side of specialized centers, trying to achieve blood glucose concentrations consis-
tent with the fasting state (<6 mmol/l) using intensive insulin therapy increases the 
risk of morbidity and mortality in critically ill patients irrespective of whether they 
have pre-existing diabetes [15, 21, 22].

30.3  Clinical Practice Guidelines

The 2021 American Diabetes Association (ADA) clinical practice guidelines for 
hospitalized patients include a recommendation that insulin is commenced when a 
blood glucose of 10 mmol/l or more persists, and the blood glucose range that is 
targeted with treatment is 7.8–10.0 mmol/l [23]. The recommendations suggest pos-
sible alternative goals for critically ill patients with diabetic ketoacidosis, other 
hyperosmolar states, and cardiac surgical patients—all of which should be achieved 
without significant hypoglycemia.

The 2012 Society of Critical Care Medicine (SCCM) guideline [24] for manage-
ment of hyperglycemia in critically ill patients suggests an insulin infusion should 
be initiated when the blood glucose is ≥8.3 mmol/l and titrated to maintain blood 
glucose <10.0 mmol/l in a way that limits the risk of hypoglycemia (<4.0 mmol/l). 
The quality of evidence that supports these guidelines was rated as very low, due to 
the limitations of the included trials [24]. Collectively, the authors of the ADA and 
SCCM guidelines also recognize the limitations in the current literature in relation 
to specific populations, recommending that future research should focus on sub-
populations of critically ill patients [23, 24].

30.4  Prevalence of Diabetes in Patients Admitted to the ICU

Diabetes, particularly type 2 diabetes, is a prevalent chronic health condition [25]. 
As a result of high prevalence and complications associated with the disease, diabe-
tes represents a major financial burden to the healthcare system and consumes a 
considerable proportion of healthcare expenditure [25]. The prevalence of patients 
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with diabetes admitted to hospital is greater than in the general population, with 
estimates ranging between 11% and 35% of all patients [1]. The prevalence of criti-
cally ill patients with pre-existing diabetes is comparable to that of hospitalized 
patients at between 12% and 40%, and this has been established though observa-
tional and interventional studies that report diabetes as co-existing disease present 
on admission [26, 27]. These estimates of prevalence should be viewed circum-
spectly as, in the context of randomized trials, selection bias may occur to increase 
or decrease representation.

Diabetes that existed before ICU admission but had not been diagnosed is termed 
unrecognized diabetes and occurs in 6–16% of ICU admissions [27–30]. It is likely 
that an even greater proportion of critically patients have diabetes than are identified 
in studies or trials that depend on self-identification of diabetes, and more routine 
measurement may be warranted.

30.5  Evaluation of Previous Randomized Clinical Trials When 
Focusing on Patients with Pre-existing Diabetes

As described, the cohorts participating in earlier trials evaluating intensive insulin 
therapy included patients both with and without pre-existing diabetes. Analysis 
according to pre-existing diabetes has the potential to easily identify different phe-
notypes, with response to acute dysglycemia being dependent on pre-existing 
diabetes.

In a post hoc analysis of the two Leuven studies, the signal for benefit with inten-
sive insulin therapy was confined to those without pre-existing diabetes [18]. In 
patients with pre-existing diabetes, a greater reduction in blood glucose was associ-
ated with greater in-hospital mortality, albeit not reaching pre-defined statistical 
significance (26.2% for <6.1  mmol/l, 21.6% for 6.1–8.3  mmol/l, and 21.2% for 
>8.3 mmol/l) [18]. In the NICE-SUGAR study there was increased mortality with 
intensive insulin therapy in patients with pre-existing diabetes (intensive 31.7% vs. 
control 27.6%) [21]. Results from these subgroups, and more recent retrospective 
and prospective analyses of cohorts with pre-existing diabetes have provided 
insights into the impact of hypoglycemia, hyperglycemia and glycemic variability 
in patients without diabetes [31–33]. With the heterogeneity of treatment effect 
observed across critically ill patients, these results raise the possibility that those 
with pre-existing diabetes should be considered a separate phenotype than patients 
with stress hyperglycemia.

30.6  Pre-existing Diabetes Relationship to Blood 
Glucose Metrics

Hyperglycemia in its most acute uncontrolled form has been clearly demon-
strated to cause harm [34]. However, the threshold blood glucose concentration 
that is associated with harm remains to be determined. This certainly appears to 
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be the case in patients with pre-existing chronic glycemia (i.e., those with a 
HbA1c ≥7%) who appear to demonstrate a blunted or absent response to acute 
hyperglycemia [35, 36].

Greater glycemic variability is associated with morbidity and mortality in 
patients with diabetes but associations between glycemic variability and outcomes 
are inconsistent. In part this may reflect low patient numbers, variability or pre-
morbid glycemic control, and/or lack of power to detect a relationship [37]. It 
would not be surprising that diabetic patients have adapted somewhat to glycemic 
variability and developed protection. To determine whether glycemic variability is 
indeed harmful to patients with diabetes a suitably powered and conducted study 
is required [38].

Hypoglycemia is strongly associated with increased morbidity and mortality in 
critically ill patients with or without diabetes, but the effect is more marked in those 
without pre-existing diabetes [4, 18, 31, 39, 40].

30.7  Rationale for a Personalized Approach 
to Glycemic Control

A ‘personalized’ approach to acute glycemic control, which takes into consider-
ation an individual’s pre-existing glucose metabolism when determining an 
appropriate target glycemic range during a period of acute illness, has been sug-
gested as a concept [1, 38, 41]. Results from observational and exploratory stud-
ies indicate that outcomes for patients with diabetes are different in relation to 
the impacts of hypoglycemia, hyperglycemia, and glycemic variability 
(Table 30.1) [4, 27, 31, 42–44]. Egi and colleagues reported that patients with a 
higher HbA1c on ICU admission were more likely to survive if they had blood 
glucose concentrations >10  mmol/l during their ICU admission [31]. 
Subsequently, several studies have made similar observations (Table 30.2) [4, 
27, 42–44]. Although patients with diabetes appear to have some underlying 
protection against acute hyperglycemia, hypoglycemia has consistently been 
shown to be harmful and the threshold blood glucose for harm may even be 
slightly higher than for non-diabetic patients [11, 48].

Whilst these observational studies suggest that the threshold for harm is 
dependent on pre-morbid glycemic control, the outcomes are insufficient to 
affect practice. They have, however, informed further research into the use of 
such a ‘personalized’ approach to glycemic control for critically ill patients 
with diabetes.

A. P. Poole et al.



421

Ta
bl

e 
30

.1
 

R
at

io
na

le
 f

or
 p

er
so

na
liz

ed
 b

lo
od

 g
lu

co
se

 le
ve

ls

A
ut

ho
r 

[r
ef

]
Y

ea
r

St
ud

y 
de

si
gn

N
um

be
r 

of
 s

ite
s

n
D

ia
be

te
s 

n 
(%

)
R

es
ul

ts
/m

ai
n 

po
in

ts
E

gi
 [

31
]

20
08

R
et

ro
sp

ec
tiv

e 
ob

se
rv

at
io

na
l

M
ul

tic
en

te
r

49
46

72
8 

(1
4.

7)
N

o 
as

so
ci

at
io

n 
be

tw
ee

n 
hy

pe
rg

ly
ce

m
ia

 a
nd

 I
C

U
 m

or
ta

lit
y 

in
 

di
ab

et
ic

 p
at

ie
nt

s.
Pl

um
m

er
 [

27
]

20
14

Pr
os

pe
ct

iv
e 

ob
se

rv
at

io
na

l
Si

ng
le

 c
en

te
r

10
00

27
5 

(2
7.

5)
H

yp
er

gl
yc

em
ia

 w
as

 n
ot

 a
ss

oc
ia

te
d 

w
ith

 m
or

ta
lit

y 
in

 p
at

ie
nt

s 
w

ith
 p

re
m

or
bi

d 
hy

pe
rg

ly
ce

m
ia

.
E

gi
 [

42
]

20
16

R
et

ro
sp

ec
tiv

e 
ob

se
rv

at
io

na
l

M
ul

tic
en

te
r

30
84

10
57

 (
34

.3
)

T
he

 h
ig

he
r 

th
e 

pr
e-

m
or

bi
d 

hy
pe

rg
ly

ce
m

ia
, t

he
 g

re
at

er
 th

e 
ri

sk
 

of
 d

ea
th

 in
 p

at
ie

nt
s 

ex
pe

ri
en

ci
ng

 a
ny

 h
yp

og
ly

ce
m

ic
 e

pi
so

de
.

K
ri

ns
le

y 
[4

3]
20

17
R

et
ro

sp
ec

tiv
e 

ob
se

rv
at

io
na

l
Tw

o 
ce

nt
er

s
63

87
18

72
 (

29
.3

)
N

o 
re

la
tio

ns
hi

p 
be

tw
ee

n 
m

ea
n 

B
G

 le
ve

l a
nd

 m
or

ta
lit

y 
in

 
pa

tie
nt

s 
w

ith
 d

ia
be

te
s.

 H
yp

og
ly

ce
m

ia
 <

4.
0 

m
m

ol
/l 

w
as

 
as

so
ci

at
ed

 w
ith

 m
or

ta
lit

y 
in

 a
ll 

pa
tie

nt
s.

L
in

 [
44

]
20

20
R

et
ro

sp
ec

tiv
e 

ob
se

rv
at

io
na

l
M

ul
tic

en
te

r
33

,6
80

87
01

 (
25

.8
)

In
 p

at
ie

nt
s 

w
ith

 d
ia

be
te

s,
 a

n 
el

ev
at

ed
 a

dm
is

si
on

 g
lu

co
se

 d
id

 
no

t a
pp

ea
r 

to
 b

e 
as

so
ci

at
ed

 w
ith

 2
8-

da
y 

m
or

ta
lit

y.
K

ri
ns

le
y 

[4
]

20
20

R
et

ro
sp

ec
tiv

e 
ob

se
rv

at
io

na
l

Si
ng

le
 c

en
te

r
55

67
11

61
 (

20
.1

)
In

cr
ea

se
d 

B
G

 in
cr

ea
se

d 
m

or
ta

lit
y 

fo
r 

pa
tie

nt
s 

w
ith

 H
bA

1c
 

<
6.

5%
, b

ut
 d

ec
re

as
ed

 m
or

ta
lit

y 
fo

r 
pa

tie
nt

s 
w

ith
 H

bA
1c

 
≥

8.
0%

M
a 

[3
7]

20
22

R
et

ro
sp

ec
tiv

e 
ob

se
rv

at
io

na
l

Si
ng

le
 c

en
te

r
95

8
23

8 
(2

4.
8)

G
re

at
er

 g
ly

ce
m

ic
 v

ar
ia

bi
lit

y 
an

d 
a 

hi
gh

er
 r

at
e 

of
 

hy
po

gl
yc

em
ia

 w
as

 a
ss

oc
ia

te
d 

w
ith

 m
or

ta
lit

y 
in

 p
at

ie
nt

s 
w

ith
 

di
ab

et
es

. I
m

pa
ct

 o
f 

hy
pe

rg
ly

ce
m

ia
 o

n 
m

or
ta

lit
y 

w
as

 
no

ns
ig

ni
fic

an
t i

n 
di

ab
et

ic
s.

B
G

 b
lo

od
 g

lu
co

se
, H

bA
1c

 g
ly

ca
te

d 
he

m
og

lo
bi

n

30 Optimal Glycemic Targets in Critically Ill Patients with Diabetes



422

Table 30.2 Studies of personalized blood glucose control

Author [ref] Year Design Sites n
Diabetes  
n (%)

Intervention 
target range 
(mmol/l)

Control 
target 
range 
(mmol/l)

Di Muzio 
[45]

2016 Sequential 
period

Single 
center

80 80 (100) 10.0–14.0 6.0–10.0

Kar [32] 2016 Sequential 
period

Single 
center

83 83 (100) 10.0–14.0 6.0–10.0

Krinsley 
[46]

2017 Retrospective 
observational

Single 
center

1979 406 (20.5) 6.1–8.9 5.0–6.7

Luethi [33] 2018 Sequential 
period

Single 
center

700 700 (100) 10.0–14.0 6.0–10.0

Bohé [30] 2021 RCT Multicenter 1917 468 (24.4) See Fig. 30.1
Poole [47] 2022 RCT Multicenter 434 434 (100) 10.0–14.0 6.0–10.0

RCT randomized controlled trial

30.8  Studies of More Personalized Approach 
to Glucose Control

There are only a few studies of a ‘personalized’ approach to blood glucose based on 
the presence of diabetes and allowing mild to moderate hyperglycemia (≥10 mmol/l). 
Kar and colleagues [32] conducted a prospective, single center, sequential period 
study in adult patients with diabetes and chronic hyperglycemia (HbA1c ≥7%). 
During the initial ‘standard care’ period, insulin was commenced when blood glucose 
concentrations reached >10  mmol/l and titrated to maintain them between 6 and 
10 mmol/l. During the liberal period, insulin administration was started once blood 
glucose was >14 mmol/l, and was then titrated to target blood glucose concentrations 
between 10 and 14 mmol/l. The ‘standard care’ period included 52 participants, the 
liberal period included 31 participants: peak blood glucose concentrations where 
comparable between the groups (standard group 15.8 (3.5) vs. 16.2 (3.9) mmol/l). 
During the liberal phase, the time-weighted blood glucose concentrations were pre-
dictably higher. During the standard care period, 18 patients (35%) had an episode of 
moderate-severe hypoglycemia (13 patients had moderate hypoglycemia and five had 
severe hypoglycemia) and during the liberal period five patients (16%) had an episode 
of hypoglycemia (four moderate and one patient severe). After adjustment for varying 
periods of observation, there was a tendency for fewer episodes of moderate-severe 
hypoglycemia during the liberal period [relative risk 0.47 (95% CI 0.19–1.13), 
p = 0.09]. Recurrent hypoglycemia was more common in the standard care phase, 
with 10 patients having recurrent moderate-severe hypoglycemia compared to only 
one patient in the liberal phase. No signal for harm was observed and patient-centered 
outcomes were similar in the two groups.

Luethi and colleagues [33] conducted a larger single center, sequential period 
study. They included 350 consecutively admitted patients with diabetes in whom the 
blood glucose target was 6–10 mmol/l during the standard care period. During the 
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liberal period, a further 350 patients with diabetes received insulin once blood glu-
cose levels were >14 mmol/l, with the insulin titrated to maintain a blood glucose 
between 10 and 14 mmol/l. The diagnosis of diabetes was determined pragmatically 
from medical records, or patient or relative report. In the liberal phase, median time-
weighted average blood glucose concentrations were again greater than during the 
control period (11.0 [IQR 8.7–12.0] vs. 9.6 [IQR 8.5–11.0] mmol/l, p = <0.001). 
Fewer patients received insulin in the liberal compared with the control period (132 
(37.7%) vs. 188 (53.7%) p = <0.001). In the sub-group of patients with chronic 
hyperglycemia (HbA1c >7%), the liberal approach was associated with a reduction 
in the number of episodes of hypoglycemia (≤3.9 mmol/l) (liberal: 9 (3%) vs. con-
trol: 22 (7%) p = 0.03).

Recently, Bohé and colleagues reported results from the CONTROLING trial; 
which was a blinded randomized clinical trial of a ‘personalized approach’ to blood 
glucose management based on the admission HbA1c [30]. The trial included 1917 
patients and made use of a blinded, computer-generated algorithm to guide nursing 
staff on management of glycemia. In the comparator group, blood glucose concen-
trations were managed once they exceeded 10 mmol/l. The intervention group, who 
received the ‘personalized approach’, included patients with HbA1c ≤4.96% where 
the blood glucose target range was more stringent, i.e., 6.2 mmol/l compared to 
12.1 mmol/l for those with HbA1c of ≥8.67% (Fig. 30.1). Implementation of such 
a complex intervention across multiple sites to patients with dynamic disease pro-
cesses and interventions is challenging, and, not surprisingly, the target range was 
only achieved half of the time. However, the treatment separation was modest with 
only a small difference in time-weighted mean blood glucose levels in the reported 
cohort of 1828 (it was just 0.7 mmol/l). As could be expected, insulin administration 

HbA1c %

Blood glucose target based on HbA1C

6.2
mmol/l

£4.96 5.00
5.50

6.00
6.50

7.00
7.40 7.50

8.00
8.50 >8.67

6.2
mmol/l

7.0
mmol/l

7.8
mmol/l

8.6
mmol/l

9.4
mmol/l

10.0
mmol/l

10.4
mmol/l

11.0
mmol/l

11.8
mmol/l

12.1
mmol/l

Fig. 30.1 Personalized blood glucose targets used for intervention group in the CONTROLING 
study [30]. HbA1c: glycated hemoglobin
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was greater in the personalized group, with 25% more patients receiving insulin. 
Episodes of severe hypoglycemia, defined as <2.2 mmol/l, were not statistically dif-
ferent between groups (personalized: 37 of 942 (3.9%) vs. comparator: 24 of 975 
(2.5%); p = 0.09). However, hypoglycemia, defined as <4 mmol/l, was more fre-
quent with the intervention (personalized: 294 of 942 (31.2%) vs. comparator: 154 
of 975 (15.8%) p = <0.0001). As with previous studies, moderate and severe hypo-
glycemia were associated with increased mortality; with the low likelihood of ben-
efit from the intervention in terms of 90-day mortality, the data safety monitoring 
committee recommended early trial cessation. The study predominantly included 
participants that did not have diabetes, and, of those with diabetes, only 14% had an 
HbA1c >7%. Accordingly, while this study reaffirms that hypoglycemia is harmful, 
patients with pre-existing diabetes only represented a small proportion of the 
participants.

More recently, we published the LUCID trial, a multicenter, open label, random-
ized clinical trial conducted in critically ill patients with pre-existing diabetes. With 
the liberal approach, insulin was commenced at >14.0 mmol/l and in the comparator 
group insulin was commenced at >10.0 mmol/l (Fig. 30.2) [47]. This is the first 

LUCID study intervention

Blood glucose
(mmol/l)

Rx Insulin

Rx Insulin

14

12

10

8

6

4

2

0

Comparator

Comparator

Intervention

Intervention

Target range from randomization for 28 days
while receiving ICU care

Fig. 30.2 Blood glucose target ranges used in the LUCID study [47]
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randomized trial to explore a liberal approach in critically ill patients with pre- 
existing diabetes. The study randomized 434 patients with diabetes, irrespective of 
their HbA1c (at randomization the median HbA1c was 7.3% in both groups). The 
median blood glucose was 11.8  mmol/l in the intervention group compared to 
9.3 mmol/l in the comparator group. As with several other pragmatic trials, blood 
glucose concentrations were outside the target range about 50% of the time. The 
primary endpoint of the study was 28-day incidence of hypoglycemia, defined as 
<4.0 mmol/l, which was significantly lower in the intervention group (10 (5%) ver-
sus 38 (18%), IRR 0.36, 95% CI 0.11–1.14). Although the trial was not powered for 
patient-centered outcomes, 90-day mortality was numerically greater in the inter-
vention arm. Accordingly, these findings suggest that a liberal approach should not 
be implemented outside of a well-designed clinical trial, and further consideration 
of admission HbA1c and use of technology to improve time-in-range may also be 
beneficial.

30.9  Future Research

Information from retrospective and prospective observational studies and from 
interventional studies, has provided considerable insight into critically ill patients 
with pre-existing diabetes and supports future exploration of a more personalized 
approach to glycemic control. The most recent studies—CONTROLING and 
LUCID—have provided insight into optimal study designs for future investigation 
of blood glucose management in critically ill patients with diabetes. With the recent 
advent of various technologies, such as continuous glucose monitoring, point-of- 
care HbA1c machines, and close-loop continuous glucose monitoring, we suggest 
further adequately powered trials in patients with the phenotype of diabetes are 
warranted. Outside of specific target ranges and methods for achieving these, inves-
tigations into alternative nutrition formulas have commenced, and may represent a 
method to reduce the amount of insulin required [49]. Given the consistent evidence 
that hypoglycemia and mortality are related in this population, glucose lowering 
therapies that are less likely to induce hypoglycemia would appear to be worthy of 
further investigation. A number of small studies have explored the use of these 
incretin-based therapies to reduce blood glucose with a lower risk of hypoglycemia 
[50]. They could potentially be used alone or in combination with insulin, as is the 
case in ambulatory type 2 diabetes.

30.10  Conclusion

The optimal blood glucose target for critically ill patients with pre-existing diabetes 
remains uncertain, as outcomes of recent trials are neither definitive nor practice 
changing. Future studies are required to provide clinical insight, as a more personal-
ized approached is intuitively likely to be more effective. Future approaches to man-
agement of hyperglycemia should minimize the potential for hypoglycemia.
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31Hydroxychloroquine: Time for 
Reappraisal of Its Effect in  
COVID-19 Patients

V. Cés de Souza Dantas, J. P. Cidade, and P. Póvoa

31.1  Introduction

Coronaviruses are subdivided into four genera: alphacoronavirus, betacoronavirus 
(βCoV), gammacoronavirus, and deltacoronavirus; they infect birds and mammals, 
such as the Malayan pangolin, Himalayan and Asian palm civets, and bats. Human 
coronaviruses generally cause respiratory and intestinal infections of low severity, 
with exceptions that occurred in 2002, 2012, and 2019 [1].

An unusual atypical pneumonia emerged in Foshan, Guangdong Province, main-
land China, in November 2002. In February and March 2003, the disease spread to 
Hong Kong and then to Vietnam, Singapore, Canada, and more than 26 countries 
within a year, infecting more than 8000 people with a reported mortality rate of 
10%. The new disease was named the severe acute respiratory syndrome (SARS) [2].

In 2012, the Middle East respiratory syndrome (MERS) coronavirus emerged 
[3], causing 2494 cases of infection and 858 deaths as of December 2019  in the 
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regions of or near the Arabian Peninsula [3]. The severe acute respiratory syndrome 
coronavirus-2 (SARS-CoV-2), which appeared in December 2019 is the seventh 
human coronavirus found to cause respiratory infection and belongs to the βCoV 
genus originating from bats.

31.2  SARS-CoV-2

In late 2019, the first case of a novel pneumonia caused by a previously unknown 
pathogen appeared in China [4]. On 12 January 2020, the World Health Organization 
(WHO) named this virus, SARS-CoV-2, as the cause of the novel coronavirus infec-
tious disease 2019 (COVID-19) [4]. The COVID-19 pandemic has affected more 
than 593 million persons so far and led to over six million deaths around the world 
[5]. Although almost all literature considers bats as the source of SARS-CoV-2, 
direct evidence is still lacking [4]. However, enough arguments for bat involvement 
are available, based mainly on four approaches: (1) experience gathered from previ-
ous βCoV epidemics where all known human coronavirus pandemics originated 
from bats; (2) phylogenic relationship of SARS-CoV-2 and related clades; (3) data 
obtained through artificial infection of bats with SARS-CoV-2; and (4) computer-
ized models of SARS-CoV-2 evolution.

The structure of coronaviruses, including SARS-CoV-2, is comprised of a spike 
glycoprotein, a hemagglutinin-esterase dimer, a membrane glycoprotein, the 
nucleocapsid protein, and the RNA genome (Fig. 31.1) [6]. SARS-CoV-2 upregu-
lates angiotensin-converting enzyme 2 (ACE2) expression in tissues, thus virus 

Fig. 31.1 Schematic of the coronavirus structure
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replication may increase. Binding to the ACE2 receptor triggers conformational 
changes in the glycoprotein, which inhibits virus neutralization by antibodies 
(Fig. 31.2) [6]. The spike glycoprotein enters the endoplasmic reticulum and binds 
to receptors of the human host cell. The glycoprotein determines the tissue tropism 
of the virus [6].

In 2003, at the time of the SARS-associated coronavirus epidemic [7], several 
drugs had been evaluated for their effectiveness on this virus; one of them was chlo-
roquine [7]. No study demonstrated high in vivo chloroquine activity, and studies 
that demonstrated in vitro activity were forgotten with the disappearance of 
SARS-CoV [7].

Fig. 31.2 Possible effects of chloroquine on the severe acute respiratory syndrome coronavirus-2 
(SARS-CoV-2) replication cycle. ACE angiotensin converting enzyme, CQ chloroquine, MAPK 
mitogen-activated protein kinase, NFKB nuclear factor kappa-B
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31.3  Aminoquinolones

Chloroquine is an aminoquinolone derivative first developed for the treatment of 
malaria [7]. Chloroquine may also be used to treat extra-intestinal amebiasis [7]. 
Hydroxychloroquine is the other 4-aminoquinoline derivative antimalarial drug [8]. 
These agents are also used to treat rheumatic diseases, mainly systemic lupus ery-
thematosus and rheumatoid arthritis [8].

Chloroquine has been a widely used, effective antimalarial therapy for decades. 
Chloroquine exerts its antimalarial effect during the blood stages or liver stages of 
the life cycle of the parasite [9]. As a protonated, weakly basic drug, chloroquine 
increases pH and accumulates in the food vacuole of parasites, where the host 
erythrocyte hemoglobin degrades, leading to the release of toxic products. It also 
inhibits the polymerization and detoxification of hematin and interferes with the 
degradation of host hemoglobin, preventing growth of Plasmodium [9]. 
Chloroquine therefore causes accumulation of free hematin, which is highly toxic 
to Plasmodium, resulting in dissolution of the cell membrane and death of the 
parasites [9].

In vitro studies have suggested that chloroquine and hydroxychloroquine can 
interfere with ACE2 receptor glycosylation of the coronavirus, increase endosomal 
pH, interfere with post-translational modification of viral proteins, and inhibit the 
activation of p38 mitogen-activated protein kinase (MAPK), thus inhibiting viral 
fusion, decreasing viral load, altering virion assembly, and inhibiting virus replica-
tion and autophagy (Fig. 31.2) [8]. In addition, these drugs have some in vitro activ-
ity against several other viruses, including influenza A, human immunodeficiency 
virus (HIV), enterovirus, Zika virus, and hepatitis C virus [8].

Through regulation of pro-inflammatory cytokines and cell signaling, chloro-
quine can affect the immune system [10]. Potential mechanisms of action include 
immunomodulatory activity via sigma-1 receptor (S1R) agonism and non-S1R 
pathways (e.g., nuclear factor-kappa B [NF-κB], inflammasomes, Toll-like receptor 
[TLR]4, peroxisome proliferator-activated receptor-γ [PPARγ]) [10], antiviral and 
anti-inflammatory actions via functional inhibition of acid sphingomyelinase activ-
ity [10], as well as antiplatelet aggregation activity [11].

Chloroquine has been reported to inhibit the alternative pathway of the comple-
ment system as well as to abrogate the clotting of plasma by calcium chloride and 
thrombin [11]. However, these activities were reported in vitro at chloroquine con-
centrations higher than those likely to be achieved in human plasma at therapeuti-
cally acceptable dosages. In 2019, Miranda et al. reported an inhibitory effect of 
chloroquine on coagulation in vivo through impairment of the extrinsic pathway, by 
impairing tissue factor release from the endothelium [12].

Because of its low therapeutic index and pharmacological activities of its 
metabolites, assessment of chloroquine pharmacokinetics is necessary for optimal 
clinical use. Drug disposition across different compartments proceeds in three 
phases—distribution from blood to tissues, equilibration between blood and tis-
sues, and release from tissues back into blood [13]. These phases have half-lives 
of 3–8  h, 40–216  h, and 30–60  days, respectively [13]. The peak plasma 
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concentration after an oral dose of chloroquine is reached in 3–12 h [13]. Thirty-
three to 70% of the drug in plasma is protein-bound [13]. The most commonly 
quoted median value for the terminal elimination half-life is 40  days [13]. 
Chloroquine and hydroxychloroquine accumulate in different tissues in varying 
concentrations [13]. High concentrations of these drugs are found in the cardiac 
tissue, lungs, kidneys, liver, skeletal muscle, skin, and eye [13].

31.3.1  In Vitro Studies

Early in the pandemic, hydroxychloroquine was acclaimed as both a preventive and 
a therapeutic treatment for COVID-19, but subsequent clinical trials have not found 
any benefit, and some pointed to potential harm [14]. It is important to note that a 
possible explanation for this failure is based on the pharmacokinetic characteristics 
of these drugs. Because of significant interindividual pharmacokinetic variability, 
variable tissue concentrations might be found after administration of standardized 
doses [14]. In addition, the full effects of chloroquine and hydroxychloroquine may 
take 3–6 months to develop since it takes a long time to reach tissue steady state 
concentrations [14]. Some have attributed this to a pharmacodynamic mechanism 
involving an immune process that requires a long time to develop. However, the 
effect is predictable based on pharmacokinetics and the time required to saturate 
lysosomes [15]. The delayed onset of therapeutic effect of chloroquine and hydroxy-
chloroquine can be shortened by using a higher loading dose in the first weeks to 
months at the price of an increased frequency of gastrointestinal side effects and 
other potentially dangerous cardiac toxicity.

Yao et  al. [16] compared the in vitro antiviral activity of chloroquine and 
hydroxychloroquine against SARS-CoV-2 using a physiological pharmacokinetics 
model methodology that enabled five different dosing regimens to be simulated 
with the aim of predicting the safest dose of these drugs for lung tissue concentra-
tions. This in vitro model showed that hydroxychloroquine was more potent than 
chloroquine. Based on the study results, they would recommend administering a 
loading dose of 400 mg of hydroxychloroquine sulfate orally twice daily, followed 
by a maintenance dose of 200 mg twice daily for 4 days for SARS-CoV-2 [16].

Wang et al. [17] studied the antiviral activity of chloroquine in Vero E6 cells. 
They showed that the 90% effective concentration of chloroquine against SARS- 
CoV- 2 was similar to that in patients with rheumatoid arthritis who were receiving 
chloroquine 500 mg daily long-term [17].

Liu et al. [18] studied the in vitro anti-SARS-CoV-2 activity of hydroxychloro-
quine finding that it efficiently inhibited SARS-CoV-2 infection. In addition, the 
study confirmed that hydroxychloroquine inhibited the entry of SARS-CoV-2 into 
cells as well as inhibiting stages following SARS-CoV-2 entry; chloroquine had 
similar effects [18].

Due to this in vitro anti-viral activity, renewed interest in chloroquine and 
hydroxychloroquineas therapeutic options emerged in COVID-19 patients, along 
with the need for robust evidence to support this indication and its therapeutic safety.
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31.3.2  Clinical Studies

Initial clinical studies, including two randomized clinical trials, reported conflicting 
results on clinical outcomes (in-hospital mortality rate, the rate of viral conversion 
and even the reduction of disease length) with use of hydroxychloroquine in 
COVID-19 [19–25]. However, these studies had methodological flaws and inconsis-
tent data that compromised the robustness of the results.

The majority of the previously identified benefits and positive results from 
hydroxychloroquine were not reproduced in subsequent and more robust randomized 
clinical trials. In the RECOVERY open-label trial, an interim analysis of the patients 
in the hydroxychloroquine arm showed no impact on the 28-day all- cause mortality 
compared to usual care [26, 27]. The results further suggested that hydroxychloro-
quine treatment was associated with a lower likelihood of being discharged from the 
hospital alive at day 28 than was usual care (59.6% vs. 62.9%, relative risk [RR] 1.14, 
95% confidence interval [CI] 1.03–1.27). These findings led to the immediate revoca-
tion of the Emergency Use authorization emitted by the FDA [28].

These data were reproduced by the Solidarity trial, which documented that 
hydroxychloroquine therapy had no effect on overall hospital mortality, initiation of 
ventilation, or length of hospital stay in hospitalized COVID-19 patients [29]. 
Moreover, the TOGETHER trial failed to support any significant benefit of hydroxy-
chloroquine in the reduction of COVID-19-associated hospitalization rate or for the 
secondary outcome of viral clearance through day 14 [30].

Several reports also emerged focusing on the combination of hydroxychloro-
quine with macrolides, considering a potential therapeutic benefit on COVID-19 
patients through combining the anti-viral properties of both drugs. However, in 
addition to the aforementioned RECOVERY trial, the ProPAC-COVID double- 
blinded placebo-controlled trial (n = 226) further confirmed that the combination of 
azithromycin and hydroxychloroquine did not improve survivability or reduce the 
length of hospitalization [31]. The results even favored stopping enrollment due to 
futility, considering that there were no differences in the primary outcome (days 
alive and discharged from hospital within 14 days; median [IQR]; 9.0 (3–11) days 
in the hydroxychloroquine plus azithromycin group versus 9.0 (7–10) days in the 
placebo group (p = 0.91)).

Randomized clinical trials focusing on hydroxychloroquine in non-hospitalized 
patients have also drawn substantial attention considering the burden of hospitaliza-
tion and the relevant impact on financial resources and hospital bed shortages. The 
Brazilian COPE-Coalition V double-blind, multicenter, randomized, controlled trial 
showed that, in non-hospitalized patients with mild or moderate COVID-19, the use 
of hydroxychloroquine did not reduce the risk of hospitalization compared to pla-
cebo control (44 hospitalizations [6.4%] and 57 hospitalizations [8.3%], respec-
tively, RR 0.77, 95% CI 0.52–1.12), and, consequentially, its routine use could not 
be recommended [32]. This evidence was further complemented by a meta-analysis 
which suggested that hydroxychloroquine had no significant benefit in reducing 
hospitalization among patients with positive tests (RR 0.77, 95% CI 0.57–1.04) 
[32]. These results followed the previously collected data by the Coalition Covid-19 
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Brazil I trial which had already documented that hydroxychloroquine did not 
improve clinical status at day 15 compared to standard care [33].

Considering its widespread use, several issues regarding hydroxychloroquine and 
chloroquine safety were raised, especially the known cardiac toxicity, during acute 
treatment of COVID-19 [34, 35]. The most common adverse effects of hydroxychlo-
roquine and chloroquine relate to gastrointestinal symptoms and anorexia. However, 
a significant prolongation of the QT interval is a known side effect of taking hydroxy-
chloroquine or chloroquine [36] and, although considered rare, long-term and high-
dose intakes of these medications have been described as possible causes of irreversible 
damage to the cardiovascular and neurological systems [34, 37].

As azithromycin and hydroxychloroquine can work as senolytics in vitro, we 
should be more cautious about cardiovascular disorders as cardiac cells become 
more senescent with aging [37]. More recently, studies found that hydroxychloro-
quine plus azithromycin increased the risk of corrected QTc prolongation and car-
diac arrhythmias in COVID-19 patients [36]. Patients receiving combined 
hydroxychloroquine and azithromycin should be monitored for cardiovascular and 
ophthalmological toxicity, especially older patients.

In this regard, important insights on the safety profile of hydroxychloroquine 
stemmed from a cohort study of patients with COVID-19 pneumonia [36]. The results 
showed that patients who had been treated with hydroxychloroquine had a high risk 
of QTc prolongation, with or without concurrent treatment with a macrolide (median 
baseline QTc was 455 [IQR 430–474] milliseconds versus 473 [454–487] millisec-
onds in the hydroxychloroquine treatment group and 442 [427–461] milliseconds in 
the hydroxychloroquine and azithromycin treatment group [p < 0.001]) [36].

A recent meta-analysis grouped and summarized the data collected in random-
ized trials investigating hydroxychloroquine or chloroquine as treatment for 
COVID-19 [28]. The results shed more light on these therapies, offering useful 
insight for a challenging health situation. The combined odds ratio (OR) on all- 
cause mortality for hydroxychloroquine was 1.11 (95% CI 1.02, 1.2; I2 = 0%; 26 
trials; 10,012 patients) and for chloroquine 1.77 (95% CI 0.15, 21.13, I2 = 0%; 4 
trials; 307 patients) and no subgroup effects were identified. Treatment with 
hydroxychloroquine is therefore associated with increased mortality in COVID-19 
patients, and there is no benefit from treatment with chloroquine based on currently 
available randomized trial data [38–40].

31.4  Conclusion

Emerging evidence-based medicine proves, once again, the need to perform good 
clinical research and good randomized clinical trials to assess the true value of a 
drug before recommending its widespread clinical use. This is the only way to pro-
tect patients against useless and dangerous treatments, ensuring that only effective 
therapies are delivered, despite the pressure of high expectations in pandemic set-
tings, namely from social media. The discrepant results between the early studies, 
showing a positive effect on patient outcomes, and the more recent randomized 
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clinical trials, proving a higher mortality rate of COVID-19 patients treated with 
hydroxychloroquine, further endorse the need to rethink and review clinical indica-
tions as new evidence emerges, to provide the best care and survival chance to 
patients in an already serious situation.
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32Blood Purification in COVID-19 
in the Absence of Acute Kidney Injury

P. M. Honoré, S. Blackman, and E. Perriens

32.1  Introduction

During the rush of the coronavirus disease 2019 (COVID-19) pandemic, hemofiltra-
tion was proposed as a potential treatment for severe COVID-19. It was initially 
thought that removing the inflammatory ‘storm’ generated during COVID-19, which 
worsened acute respiratory distress syndrome (ARDS), would be beneficial [1]. 
Hemofiltration can also efficiently eliminate viruses [2], nucleocapsids [3], and endo-
toxins [4]. In this chapter, we will describe the functions of blood purification use in 
detail, as well as the studies that evaluated their effectiveness during the pandemic [5].

32.2  Tackling the Inflammatory Storm Initiated by COVID-19

32.2.1  Sorbents

Several studies have evaluated the impact of reducing the cytokine storm during 
severe COVID-19 [6]. When interleukin-6 (IL-6) levels in septic shock and 
COVID-19 inflammatory storms are compared, they are about 100,000 pg/ml 
during septic shock versus 40–80  ng/ml during a COVID-19 inflammatory 
storm [7], demonstrating that the term “cytokine storm” is a misnomer [8, 9]. 
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The correct timing of the hemofiltration is important in this setting. IL-6 has 
both pro- and anti- inflammatory properties, depending on the pathway of trans-
duction: the classic signaling pathway, mediated by the membrane-bound form 
of the IL-6 receptor, is believed to be anti-inflammatory, whereas the trans-sig-
naling pathway, mediated by the soluble form of the IL-6 receptor, is believed 
to be pro-inflammatory [10]. In patients with COVID-19, it is important to pre-
serve the regenerative and anti- inflammatory properties of the classic IL-6 path-
way and block only the pro- inflammatory actions [11]. This is a major limitation 
with blood purification, as it is non-selective, and may explain why the results 
from studies exploring blood purification for COVID-19 cytokine storm have 
been disappointing [12].

The removal of excess cytokines using sorbent was studied in patients with 
severe COVID-19 requiring extracorporeal membrane oxygenation (ECMO) [13]. 
This single-center, randomized controlled trial (RCT) investigated serum IL-6 con-
centrations after 72 h of ECMO and 30-day survival in a control group and a group 
treated with CytoSorb (CytoSorbents Corporation, Monmouth Junction, NJ, USA). 
Adjusted mean log IL-6 concentrations after 72  h were higher in the cytokine 
adsorption group than in the controls (95% CI –0.70 to 1.30, p = 0.54) [13]. Survival 
after 30 days was 18% with cytokine adsorption and 76% without cytokine adsorp-
tion (p  =  0.0016) [13]. The authors concluded that early initiation of cytokine 
adsorption in patients with severe COVID-19 and veno-venous ECMO (VV-ECMO) 
did not reduce serum IL-6 concentrations and actually had a negative effect on  
survival [13].

In a single-center pilot trial, the effect of extracorporeal cytokine reduction using 
CytoSorb was studied in patients with COVID-19-associated vasoplegic shock [14]. 
The 50 patients were randomized into a control group and a group receiving treat-
ment with CytoSorb. All patients required norepinephrine >0.2 μg/kg/min to main-
tain mean arterial pressure (MAP) ≥65 mmHg, had C-reactive protein (CRP) levels 
>100 mg/l, and acute kidney injury (AKI) stage 3 with need for continuous renal 
replacement therapy (CRRT) [14]. Time until resolution of vasoplegic shock, mor-
tality, IL-6 concentrations, and catecholamine requirements were measured [14]. 
There were no significant differences between the groups in hemodynamic improve-
ment or mortality rate at 30 and 90 days [14]. The authors concluded that CytoSorb 
treatment did not improve resolution of vasoplegic shock compared with standard 
therapy [14]. This lack of effect on IL-6 levels and hemodynamic status using 
CytoSorb raises questions regarding the mechanisms underlying the use of sorbents 
in treating inflammation in COVID-19 [14].

A recent systematic review of 11 articles also showed a lack of clinical evidence 
of efficacy of CytoSorb in patients with COVID-19 and concluded that the use of 
hemoperfusion in these patients does not seem to be supported outside of clinical 
trials [7], as also discussed in recent narrative reviews on extracorporeal blood puri-
fication in patients with COVID-19 [15, 16].
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32.2.2  Therapeutic Plasma Exchange

The benefits of therapeutic plasma exchange as an adjunctive therapy for cytokine- 
mediated inflammation in COVID-19 remain theoretical [17]. The causal relationship 
between cytokine release syndrome and the development and progression of ARDS, 
multiple organ failure (MOF), and septic shock remains to be proven. Therapeutic 
plasma exchange not only removes pro-inflammatory cytokines, but also anti-inflam-
matory mediators and host defense factors, such as immunoglobulins [17]. Some 
authors assert that therapeutic plasma exchange is unique because it offers benefits on 
multiple levels by removing inflammatory cytokines, stabilizing endothelial mem-
branes, and resetting hypercoagulable states [18]. The major difference between 
therapeutic plasma exchange and modern extracorporeal adsorption strategies is the 
exchange of septic shock plasma with fresh frozen plasma (FFP), which may prevent 
non- selective depletion of pro- and anti-inflammatory cytokines and instead replen-
ish protective factors (within FFP) that have been consumed by sepsis [19]. The mag-
nitude of the inflammatory response does not justify non-selective removal of 
components of the inflammatory response, especially considering that some of them 
may be beneficial. Therapeutic plasma exchange also has the potential to cause harm 
by diluting or attenuating the host’s adaptive response to infection by depleting 
immunoglobulins and complement components 3 and 4 in individuals treated with 
plasmapheresis [20]. In the context of the severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) outbreak, therapeutic plasma exchange removed protective 
antibodies formed by the patient, which is not desirable [20] (Fig. 32.1). However, 
other extracorporeal blood filtration techniques, such as the oXiris filter (Baxter 
International, Deerfield, IL, USA), are now under investigation [21].

Fig. 32.1 Is therapeutic plasma exchange (TPE) justified for the treatment of coronavirus disease 
2019 (COVID-19)? ARDS acute respiratory distress syndrome, MOF multiple organ failure
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32.3  Removing SARS-CoV-2 and Nucleocapsids

32.3.1  SARS-CoV-2 Removal by Seraph® 100

The new sorbent, Seraph® 100 (ExThera Medical, Martinez, CA, USA), contains 
ultrahigh molecular weight polyethylene beads with end-point-attached heparin [2, 
22]. This filter is approved by the USA Food and Drug Administration (FDA) for 
the removal of pathogens such as bacteria, viruses, and toxins from the bloodstream, 
by binding irreversibly to the immobilized heparin column [2, 22]. In pre-clinical 
studies, the system was not only able to reduce the amount of Zika virus from the 
blood by 87%, but also cytomegalovirus CMV (79%) and adenoviruses (62%) [2]. 
In this study, Seffer et al. claimed that the Seraph® 100 could remove COVID-19 
virus, but did not specify to what extent [2].

Olson et al. evaluated the capacity of the Seraph® 100 to remove SARS-CoV-2 in 
an infected patient [23]. They extrapolated that one Seraph-100 device should clear 
up to 100 billion SARS-CoV-2 virions [23]. In a patient with a blood volume of 5 l, 
this would translate to 18,000,000 viral copies/ml [23]. This seems to be an impres-
sive amount; however several questions arise. Is this amount significantly greater 
than the production of SARS-CoV-2 copies in the human body? What is the best 
moment for the removal of SARS-CoV-2 virions in an infected patient? Finally, is 
this removal correlated with significant clinical improvement? Is virus reduction 
correlated with improved survival?

Using the best available knowledge, researchers estimated the total number and 
mass of SARS-CoV-2 virions in body fluids and host tissues in an infected person 
[24]. They estimated that each infected person carries 109 to 1011 virions during the 
peak of infection, with a total mass in the range of 1–100 μg. This amounts to 
roughly 100 billion virions, corresponding to the capacity of removal of one Seraph® 
100 filter [22, 24].

This raises the question of how quickly copies of SARS-CoV-2 are regenerated. 
If the “resident extracellular time” of the virus is 8 h, and the RNA concentrations 
for SARS-CoV-2 peak at about 2.7  days, this gives a cumulative production of 
SARS-CoV-2 of about 30 times the observed peak and the capacity to capture 
SARS-CoV-2 copies by one Seraph® 100 filter [25]. If these assertions are true, 30 
Seraph® 100 filters would be needed over 3 days to clear a patient of SARS-CoV-2, 
and use of a single Seraph® 100 per day would only remove 10% of the total produc-
tion of SARS-CoV-2 that day [26], raising doubts as to whether this would signifi-
cantly help an infected patient.

The timing of the therapy, the peak of the viral load, and the duration of treat-
ment are also important factors to discuss. The course of a SARS-CoV-2 infection 
can be divided into three phases or stages (Fig. 32.2): stage I refers to the beginning 
of the infection, stage II refers to pulmonary involvement with or without hypox-
emia, and stage III refers to the systemic inflammation [27, 28]. Virus production 
peaks during stage I while the infection settles in the lungs and the patient remains 
asymptomatic [27]. In this first phase, if the patient is paucisymptomatic but has a 
positive polymerase chain reaction (PCR) test, the only biological modifications 
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Fig. 32.2 Evolution of the four stages of severe acute respiratory syndrome coronavirus 2 (SARS- 
CoV- 2) infection and proposed ideal timing for Seraph 100 treatment. PCR polymerase chain 
reaction, PT prothrombin time, CXR chest X-ray, RCT randomized controlled trial, SOFA sequen-
tial organ failure assessment

include lymphopenia, raised D-dimer concentrations, and increased prothrombin 
time; CRP and IL-6 concentrations are not yet altered [27] and chest X-rays are 
normal [27]. In stage IIA, there is no hypoxemia, however there are pulmonary 
infiltrates on the chest X-ray. In stage IIB, the patient becomes hypoxemic and is 
hospitalized; however, viremia is low [27]. During stage III, systemic inflammation 
and severe hypoxemia remain, and most of these patients are hospitalized in the 
intensive care unit (ICU).

If treated according to a patient’s degree of viremia, the optimal timing for 
Seraph® 100 treatment would therefore be during stage I or IIA, which would be 
difficult to achieve [27]. The only way to do this would be to measure the viral load 
immediately after a positive PCR test in an asymptomatic patient [29]. If the viral 
count was high, the patient would be sent to the hospital for Seraph® 100 treatment. 
The duration of the treatment would depend on the moment of the 3-day peak. If the 
patient is in stage IIB or stage III, a Seraph® 100 procedure would be of no benefit 
as there is a small to no viral load during these phases [27].

One large multicenter study evaluated clinical improvement after the use of 
Seraph® 100, comparing 53 treated patients with 53 controls [30]. There was no dif-
ference in vasopressor-free days in patients treated with Seraph® 100 compared to 
those who were not. The average difference in mortality between treated and control 
subjects was also not significant [30]. However, all patients included in the study 
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were in stage IIB or stage III when viremia is low, as mentioned above. RCTs with 
better criteria for including only stage I and IIA patients may be beneficial to study 
the effects of Seraph® 100 in patients with high viral load.

A recent interim analysis of an international registry of patients treated with 
Seraph® 100 also supports early treatment in non-ICU patients, showing signifi-
cantly lower mortality rates than predicted [31]. The predicted mortality rate accord-
ing to the sequential organ failure assessment (SOFA) score was 56.7% in ICU 
patients, and the observed mortality was 50.7% [31]. In non-ICU patients, the coro-
navirus clinical characterization consortium (4C) score predicted a mortality rate of 
38.0%, but the observed mortality rate was 11.1% [31]. The inclusion criteria were 
a positive PCR test and pneumonia, which suggests that these patients were most 
likely in stage IIA during which the viral load is still significant, thus potentially 
explaining the efficacy of Seraph® 100 on decreasing 30-day mortality in non-ICU 
patients [31].

32.3.2  Removal of Viral Nucleocapsids by Seraph® 100

The nucleocapsid protein (N-protein) surrounds the viral RNA, protecting it from 
the host cell environment and facilitating RNA transcription, an essential step for 
viral replication [3, 32]. It is abundantly expressed inside cells infected with SARS- 
CoV- 2. Seraph® 100 decreased SARS-CoV-2 nucleocapsid protein in the blood of 
patients with COVID-19 [3, 32], although this finding has not yet been correlated to 
clinical improvement. It would be interesting to evaluate the clinical effect of the 
concomitant removal of the virions and the N-proteins to determine whether the 
effect is additional or synergetic.

32.4  Removing Endotoxin During Severe COVID-19 Infection

Sirivongrangson et al. studied 19 patients with severe COVID-19; 13 of the patients 
were admitted to the ICU and 10 were receiving mechanical ventilation [33]. Eight 
patients had high endotoxin activity assay (EAA) values and more of these patients 
required mechanical ventilation than did the patients with low EAA values (62.5% 
vs. 45.5%) [33]. The proportion of patients requiring vasopressors, prone position-
ing, and ECMO did not differ between EAA groups, which is perhaps surprising as 
endotoxin has strong vasoplegic effects. The study concluded that endotoxemia, 
presumably from the gut, may complicate COVID-19 [33]. In another study of 32 
patients, EEA was measured in patients with MOF [34]. Twenty-six patients had 
intermediate (0.40–0.59) or high (≥0.6) levels of EAA despite a low incidence of 
superimposed Gram-negative bacteria (6% of patients), supporting the hypothesis 
of Sirivongrangson et al. suggesting gut translocation as the origin for the majority 
of endotoxins in severe COVID-19 [34].

Finally, the role of endotoxin in severe COVID-19 and whether it should be 
treated should be discussed [35] (Fig. 32.3). A recent article showed a high-affinity 
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Fig. 32.3 Role of endotoxin in severity of coronavirus disease 2019 (COVID-19) and its origin, 
based on data from [34]. EAA endotoxin activity assay, MOF multiple organ failure, LPS lipopoly-
saccharide, RCT randomized controlled trial

interaction between the COVID-19 spike (S) protein and bacterial lipopolysaccha-
ride (LPS), leading to an exacerbation of inflammation and linking the metabolic 
syndrome to COVID-19 [36]. In an observational study from Japan, 12 COVID-19 
patients who required oxygen support underwent endotoxin removal by polymyxin 
B direct hemoperfusion (PMX-DHP) [37]. The authors concluded that PMX-DHP 
was more effective in patients with intermediate severity COVID-19 who were 
receiving high levels of oxygen than in patients receiving mechanical ventilation or 
ECMO [37]. In another study, PMX-DHP was used in 12 patients with COVID-19 
receiving invasive mechanical ventilation [38]. The SOFA score improved in the 
120 h following the intervention, and the EAA decreased from 0.78 to 0.60 although 
this result was not statistically significant [38]. The contradictory results from these 
two studies confirm the need for larger RCTs.

32.5  Conclusion

Blood purification in patients with severe COVID-19 can currently be viewed from 
three approaches: first, removal of the cytokine storm—a misnomer—by new sor-
bents; second, the use of a special sorbent, Seraph® 100, a cartridge that may remove 
billions of SARS-CoV-2 virions and nucleocapsids; third, the removal of endotoxin. 
Regarding the removal of excess inflammation during severe COVID-19, results are 
disappointing with no difference or an increase in mortality in treated patients. 
Therapeutic plasma exchange has several adverse effects and cannot be recom-
mended either. Concerning the removal of viruses and the nucleocapsid, doubts 
remain regarding efficacy. It is unsure whether use of one cartridge per day is able 
to extract significant copies of SARS-CoV-2. Timing is also an issue, as the studies 
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included patients in stages IIB and III, when the viral load is minimal. The Seraph® 
100 filter may be more effective in terms of improved survival in early phases when 
viremia is high. The removal of nucleocapsids may also have an important role in 
reducing viremia. Concerning endotoxemia in COVID-19, LPS binding and trans-
location from the gut are likely mechanisms, based on the few studies available. 
However, we have no answers concerning the benefits of removing these endotoxins 
on clinical outcomes. Before RCTs can be commenced to study these three 
approaches, it is clear that the mechanisms must be understood to be able to fully 
comprehend their utility.
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33Epidemiology, Outcomes, and Costs 
of Pediatric Traumatic Brain Injury 
Treated in the ICU

E. Mikkonen, R. Raj, and M. B. Skrifvars

33.1  Introduction

Up to 1% of children and young adults attend medical services annually following trau-
matic brain injury (TBI) [1, 2], and over a quarter of all TBI cases are in patients younger 
than 15 years [2]. The incidence rates follow a U-shaped curve, peaking in early child-
hood and adolescence. In childhood, falls are the leading injury mechanism, whereas 
motor vehicle accidents are the leading cause in adolescence [1, 3]. Few head injuries 
sustained by children and adolescents require hospitalization, and fewer yet require 
admission to the intensive care unit (ICU). However, the sequelae of TBI sustained in 
childhood and adolescence can be devastating. Globally, TBI is a significant cause of 
mortality and morbidity in the pediatric population [4]. Pediatric TBI also has major 
societal impacts, and it has been estimated to be the fifth most expensive pediatric hos-
pital diagnosis in the United States [3]. Despite its huge personal and societal impact, 
little is known about this population. The physiological changes from infancy to adoles-
cence and the effect these have on injury characteristics and recovery remain, to a large 
extent, open questions. In contrast to the adult population, where recovery to the previ-
ous level of function is considered desirable, the ambition in the pediatric TBI popula-
tion is for the young developing central nervous system (CNS) to keep meeting 
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developmental milestones after injury. It has therefore been suggested that children 
might actually “grow into their disabilities,” as the full magnitude of a disability might 
not manifest until the patient fails to acquire future skills [5].

The first treatment guidelines for severe pediatric TBI were published in 2003, 
and the latest revision in 2019 [6]. These treatment guidelines remain largely 
consensus- based due to a lack of evidence. Although the treatment principles follow 
those of adult TBI (i.e., optimizing cerebral oxygenation and perfusion to limit sec-
ondary injury), target values and best practices to reach these goals have been dif-
ficult to establish. The field has gained significant attention in recent years, yet 
much remains to be elucidated to help this vulnerable and understudied population.

33.2  Epidemiology

In the USA, over 140,000 children and adolescents are estimated to be living with 
long-lasting social, emotional, cognitive, and physical sequelae of TBI [7] Pediatric 
TBI is a significant global public health issue affecting populations in high- and 
low-income countries [4]. Falls and traffic accidents are the leading cause of TBI in 
both adult and pediatric populations [4]. Falls tend to cause milder TBI, whereas 
traffic accidents are the most common cause of severe TBI.  In Asia and Africa, 
traffic-related pediatric TBI patients are more often pedestrians, whereas in high- 
income countries, they tend to be passengers [4], highlighting the importance of 
infrastructural road safety measures to prevent TBI, such as sidewalks and traffic 
lights. Public awareness concerning, for example, bicycle helmets, might also 
reduce the incidence of pediatric TBI [8]. Sex differences in incidence rates in early 
childhood are small; however, with increasing age, males surpass females by almost 
double the incidence [4]. Globally, TBI due to recreational sports seems to be more 
frequent in high-income English-speaking countries, possibly due to the preference 
for contact sports, such as rugby and American football [4]. Furthermore, injuries 
peak during the summer months and on weekends, possibly due to more time spent 
outdoors and on recreational activities [4]. Abusive head injuries in infants represent 
a distinct entity, often affecting children under 6 months of age. Injuries are charac-
terized by rotational acceleration/deceleration forces, multiple lesions, a delay in 
seeking medical attention, and usually a very poor prognosis [9]. Unfortunately, 
social inequality is mirrored in pediatric TBI incidence and outcomes. Children 
from families of lower socioeconomic classes and families with psychiatric mor-
bidities seem to have an increased risk of sustaining TBI [10]. A recent study from 
the USA found that children in less affluent areas are more likely to suffer ballistic 
TBI and to die from TBI than their peers living in wealthier areas [11].

The most severely injured TBI patients are admitted to the ICU. However, even 
patients with milder TBI may be admitted to the ICU due to extracranial injuries or 
a lack of intermediary units, for example. A recent study from the multinational 
Collaborative European NeuroTrauma Effectiveness Research in TBI (CENTER- 
TBI) project reported a median Glasgow Coma Scale (GCS) score of 11 (interquar-
tile range [IQR] 6–14) among pediatric TBI patients admitted to ICUs and, perhaps 
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more notably, that 38% of patients admitted to the ICU had mild TBI (GCS 1–15). 
ICU-admitted pediatric patients had a 6-month mortality rate of 5% compared to 
21% for adults [12, 13].

According to open access data from the Swedish Intensive Care Registry, 39% of 
TBI-related ICU admissions of patients under the age of 16 between 2008 and 
mid-2022 had simple concussion as their primary diagnosis. During this period, there 
were 1981 TBI-related ICU admissions (some patients could have had multiple 
admissions due to, e.g., readmissions or hospital transfers), with an ICU mortality of 
only 2% (33 patients). We observed similar numbers in a multicenter study of ICU-
treated pediatric TBI in Finland: 40% of the patients had mild TBI (GCS 13–15), but 
a slightly higher 6-month mortality rate at 9% [14]. Thus, at least in the European 
context, the ICU-treated pediatric TBI population is very heterogeneous in severity, 
and mortality rates seem low, which is at least partly explained by the low injury 
severity. Some patients with mild TBI may be admitted to the ICU due to the lack of 
intermediary units; that is, patients who only need observation after, for example, 
concussion to avoid unnecessary computed tomography (CT) scans. In these cases, 
the introduction of laboratory biomarkers of severe intracranial pathology, such as the 
S100b or glial fibrillary acid protein, could circumvent this problem and save 
resources. However, the ICU admission of patients with mild injuries is not unique to 
the pediatric population. A CENTER-TBI study of the adult population found that 
36% of adult TBI patients treated in ICUs were admitted with a GCS >13 [13].

33.3  Pediatric Anatomy and Physiology

Infants are born with large heads relative to their body size. Furthermore, facial 
structures are small, offering little protection to the brain against external forces, 
and the skull bones are thinner and more flexible, exposing the underlying cortex to 
more energy at impact (Fig. 33.1). The thin infant skull is also more prone to frac-
tures than that of adults. Conversely, in very young infants, flexible bones together 

Fig. 33.1 Small facial structures and a protruding forehead predispose the infant skull to more 
external force compared to older children and adults
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with open fontanels can offer some protection against the buildup of intracranial 
pressure (ICP) [15]. The infant brain contains up to 90% water, which decreases to 
75% with increasing myelinization throughout childhood and adolescence [16]. 
Experimental data also suggest that young children have stiffer brain parenchyma 
compared to adults, possibly altering the conduction of external forces in the brain 
parenchyma [15]. Moreover, the weak neck muscles supporting the relatively large 
head could further increase the likelihood of rotational forces and diffuse injury [15].

Normal physiological values change during development. Some of these, such 
as blood pressure, heart rate, and respiratory rate, are well established. However, 
some values relevant to the treatment of TBI have yet to be elucidated. Cerebral 
blood flow seems to be low in early infancy, to increase during childhood, and to 
drop to adult levels during adolescence. The implications of these changes for TBI 
treatment remain unknown [17]. Recently, a retrospective study of pediatric TBI 
patients identified threshold cerebral perfusion pressure (CPP) values as associ-
ated with increased mortality, yet there is scant evidence to base treatment recom-
mendations on [18].

Children have also been observed to suffer more seizures associated with head 
injuries, many of which may remain subclinical [16]. The exact mechanism behind 
this susceptibility is unclear. Underrecognition and failure to treat these subclinical 
seizures can cause increased metabolic failure in the injured brain and further aggra-
vate secondary injury.

33.4  Treatment

The Guidelines for the Management of Pediatric Severe Traumatic Brain Injury 
were first published by the Brain Trauma Foundation in 2003 with subsequent revi-
sions in 2012 and 2019 [6]. Due to a lack of evidence, they remain largely consensus- 
based, with very few high-quality randomized controlled trials (RCTs) to guide 
decision-making [6]. Treatment of pediatric TBI follows the same principles as the 
treatment of adult TBI; that is, mitigating secondary injury mainly through control 
of cerebral substrate delivery and consumption [19]. Thus, treatment has revolved 
around ICP control, adequate mean arterial pressure (MAP), blood oxygenation, 
and the control of cerebral metabolism. The most extensively studied aspect of ICU 
management of pediatric TBI is hypothermia, but no conclusive evidence in favor of 
prophylactic cooling therapies has been reported. However, cooling can be initiated 
to reduce ICP.  ICP targets are set to 20 mmHg, as opposed to the adult updated 
guidelines of 22 mmHg, and a target CPP of a minimum of 40 mmHg is recom-
mended [6].

After the initial injury, several molecular pathways, such as mitochondrial dys-
function, oxidative stress, blood–brain barrier dysfunction, excitotoxicity, and 
inflammation, contribute to secondary injury causing irreversible tissue damage. 
Despite some promising preclinical data, no neuroprotective pharmaceutical treat-
ments to mitigate these processes have made it to the clinical setting. Some of the 
agents that have failed in adult TBI studies include, but are not limited to, 
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progesterone, statins, and erythropoietin [20]. One reason for the failure of promis-
ing experimental data to translate to the clinical setting could be the extreme hetero-
geneity of TBI and a historical tendency to focus on neurons, with less attention 
being paid to, for example, astrocytes, microglia, endothelial cells, etc.

33.5  Outcomes and Sequelae

Pediatric TBI patients have long been thought to benefit from the increased plastic-
ity of the CNS.  This plasticity refers to structural and functional changes at the 
synaptic and network levels that allow the CNS to adapt to new environmental chal-
lenges, be that harder complexity of schoolwork or a focal brain insult [21]. 
However, the plastic advantage in brain injury suggested by early studies was 
observed in the context of focal lesions [5]. TBI, in contrast, is often diffuse in 
nature, raising concerns regarding the generalizability of these findings. Some evi-
dence supports the opposing view that younger children are more vulnerable and 
have poorer outcomes than their older peers. This has been explained, for example, 
by the disrupted development of necessary networks that enable the acquisition of 
future skills [5]. It could be the case that children go through developmental phases 
of particular vulnerability to injury [5]. However, due to the extreme heterogeneity 
of the condition (injury type, severity, localization, and patient age), large longitu-
dinal studies need to be conducted to elucidate the complex relationships between 
developmental phases, injury characteristics, and outcomes. More crude outcome 
measures, such as mortality, have yielded conflicting results [22–24]. Some large 
observational studies have noted higher mortality rates in the very young. Anatomical 
differences that predispose young infants to more external forces could be one 
explanation. High mortality in pediatric TBI populations could also be explained by 
abusive head trauma (“shaken baby syndrome”), a condition of often extreme dif-
fuse injuries and poor prognosis [9].

Functional outcomes after TBI are often measured using different scales. The 
Glasgow Outcome Scale (GOS) [25] is a five-point scale (1 = dead to 5 = no or 
minor disability) developed in the 1970s and is familiar to many adult ICU physi-
cians. Definitions such as “independent in daily living” have some inherent prob-
lems in the youngest populations, and the GOS might thus not always apply in the 
pediatric context. Some outcome scales have been developed specifically for the 
pediatric population, such as the Pediatric Cerebral Performance Category (PCPC) 
scale [26] for short-term outcome measurement (Table 33.1). The PCPC is a six-
point scale with similarities to the GOS scale, with an emphasis on deviation from 
age- appropriate development. The GOS has also been developed to give the GOS- 
extended (GOS-E), providing a more nuanced and granular picture of disability, and 
further to the GOS-E pediatric, which considers the specific developmental charac-
teristics of children [27]. However, in the literature, the outcome is often dichoto-
mized as either favorable or unfavorable at a chosen cutoff, usually between 
moderate and severe disability. In these cases, the normal GOS scale has often 
been used.
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Table 33.1 Comparison of the Pediatric Cerebral Performance Category (PCPC) Scale and the 
original Glasgow Outcome Scale (GOS)

PCPC (at ICU discharge) [26] GOS [25]
1 Normal: at age-appropriate level; school-age child 
attending regular school classroom

5 Good recovery: resumption of 
normal life with only minor 
neurological or psychological 
deficits

2 Mild disability: Conscious, alert, and able to interact at 
age-appropriate level; school-age child attending regular 
school classroom but grade perhaps not appropriate for age; 
possibility of mild neurologic deficit
3 Moderate disability: Conscious; sufficient cerebral 
function for age-appropriate independent activities of daily 
life; school-age child attending special education classroom 
and/or learning deficit present

4 Moderate disability: disabled 
but independent in daily living

4 Severe disability: Conscious; dependent on others for 
daily support because of impaired brain function

3 Severe disability: conscious 
but dependent for daily support

5 Coma or vegetative state: Any degree of coma without 
the presence of all brain death criteria; unawareness, even if 
awake in appearance, without interaction with environment; 
cerebral unresponsiveness and no evidence of cortex 
function (not aroused by verbal stimuli); possibility of some 
reflexive response, spontaneous eye-opening, and sleep-
wake cycles

2 Persistent vegetative state: 
can open eyes and show sleep 
patterns; no communication, no 
movement

6 Brain death: Apnea, areflexia, and/or 
electroencephalographic silence

1 Dead: attributable to brain 
injury, either direct or indirect

33.5.1  Neurological Sequelae

Seizures are well-known complications of head trauma. Seizures can be catego-
rized as immediate (<24 h after injury), early (24 h to 1 week after injury), and 
late (>1  week after injury). Immediate and early seizures are thought to be 
pathophysiologically different; immediate and early seizures are caused by 
acute metabolic failure, disrupted ion balance, and excitotoxicity, whereas late 
seizures are thought to be caused by, for example, synaptic loss and pathological 
rewiring, leading to chronically elevated seizure susceptibility [28]. The mecha-
nisms and biomarkers of post-traumatic epileptogenesis have not been fully elu-
cidated. Prophylactic treatment with antiepileptic drugs has not been shown to 
prevent the development of late seizures. A large population-based study by 
Christensen et al. of children and young adults showed an increased risk of post-
traumatic epilepsy over 10 years after injury, even after mild TBI [29]. Studies 
have suggested that 1–9% of childhood epilepsies are preceded by head injury 
[30, 31]. Similar results have been found in the adult population [32]. Childhood 
epilepsy can have devastating social and emotional effects on patients and their 
families. These patients seem to have adverse outcomes regarding social and 
educational achievement in adulthood and a reduced lifespan if refractory to 
treatment [33, 34].
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Motor and cerebellar disorders, such as tremor, ataxia, spasticity, and muscle 
weakness, are not uncommon after TBI. The prevalence rates of motor and cerebel-
lar disorders at long-term follow-up were both 14% in a French cohort of severely 
injured TBI patients. However, children and adolescents seem to recover better from 
motor deficits than adults [9].

33.5.2  Cognitive and Psychiatric Sequelae

Many cognitive sequelae after TBI may take years to detect, as the complexity of 
environmental demands increases and the failed development of attention, lan-
guage, executive functioning, and problem-solving skills becomes more evident 
[35]. A longitudinal study of survivors of preschool moderate-to-severe TBI found 
that only a third of patients maintained full employment as adults [36].

Commonly reported behavioral sequelae of pediatric TBI include mood disor-
ders, anxiety, lack of emotional control, disinhibition, and difficulties with interper-
sonal skills. The risk factors for psychiatric morbidity after pediatric TBI are 
probably multifactorial, with hereditary, environmental, and injury-related factors 
contributing to post-traumatic psychiatric morbidity. Critical illness and ICU stays 
have been linked to mood disorders; however, compared to orthopedically injured 
peers, pediatric TBI patients seem to have more mood disorders [37]. White matter 
disruption in the frontal lobe has been found to independently increase the likeli-
hood of novel psychiatric disorders after pediatric TBI [38]. The frontal lobes are 
particularly vulnerable in TBI, as the brain moves inside the skull following exter-
nal force, pressing the orbitofrontal and inferior temporal cortex against the bony 
protrusion in the anterior and temporal skull base [39]. The frontal cortex is home 
to many of the evolutionarily late features of brain functioning, such as reasoning, 
emotional control, social cognition, and planning. Thus, it is hardly surprising that 
TBI often causes problems in these domains. Further, many of these functions are 
underdeveloped in the young brain, as the frontal cortex continues to develop well 
into early adulthood [39]. How early injury to these areas affects normal frontal 
maturation is still incompletely understood.

Post-traumatic psychopharmacology has gained some attention in the adult pop-
ulation, yet few studies have been conducted in the pediatric population [40]. Post- 
traumatic pediatric cognitive dysfunction is problematic in the sense that there is no 
or very little experience of some drugs for the treatment of similar symptoms of 
other etiologies compared to the adult population in which dopaminergic agonists 
like amantadine are used, for example, in dementia. Stimulants, however, have been 
widely studied and prescribed to children and adolescents for a long time. Stimulants 
have also proved to be of some benefit in adults for the treatment of cognitive 
decline after TBI by improving attention [41]. By improving attention, other cogni-
tive sequelae, such as impaired memory and executive function, could also be miti-
gated. Antidepressants have been studied in the adult population, but the evidence 
after pediatric TBI is scant. Sertraline seems to be the safest and most effective 
option [40]. Some psychopharmacologic strategies, such as off-label use of 
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antipsychotics to control behavioral problems, can be especially problematic due to 
their tendency to sedate, reduce seizure thresholds, and have adverse cognitive 
effects in the already vulnerable post-traumatic brain [41]. Antiepileptic drugs, such 
as valproic acid, carbamazepine, and lamotrigine, could also be used to treat agita-
tion, although there is currently only a pediatric indication for the treatment of sei-
zures or bipolar disorder [40]. In a study by our group, 45% of adolescents (age 
>12 years) with a moderate disability (GOS score of 4) were prescribed some psy-
chotropic drugs during follow-up [42]. The same study found no injury-related risk 
factors associated with the utilization of psychopharmaceuticals after discharge.

33.5.3  Endocrinological Dysfunction

Due to its localization at the base of the skull, the hypothalamus and pituitary glands 
are vulnerable to damage in TBI. TBI usually causes only brief disruptions in pitu-
itary function; however, some children and adolescents can experience chronic 
symptoms. The immediate effects of posterior lobe insults are familiar to many 
intensivists through the disturbances of antidiuretic hormone secretion and subse-
quent fluid balance disruption. The anterior pituitary controls multiple hormonal 
axes (somatotropic, thyrotropic, adrenotropic, lactotropic, and gonadotropic) that 
are important for normal growth and development in youth and puberty. However, 
little is known about the epidemiology and long-term consequences of disruptions 
in these systems after pediatric TBI.  Temporal trends can be unpredictable, and 
symptoms can be subtle and hard to detect. The literature suggests that somato-
tropic, gonadotropic, and adrenotropic disturbances are the most common chronic 
insufficiencies, increasing the risk of reduced growth, delayed or absent puberty, 
and adrenal insufficiency. No conclusive evidence on the risk factors for endocri-
nopathies after TBI exists, with high-quality studies of radiological biomarkers 
lacking. Abusive head trauma has been suggested as a high-risk mechanism for 
post-TBI hypopituitarism, although even mild TBIs can be the trigger [9, 39].

33.6  Prognostication After Pediatric TBI

Prognosis has always played an important part in the communication between 
healthcare providers and patients or their relatives. Historically, prognostication was 
based on experience or clinical intuition. However, the increased availability of 
patient data and the sophistication of statistical models have led to the identification 
of prognostic variables and the development of prognostic models. Prognostic vari-
ables in TBI have been thoroughly investigated in the adult population. Injury sever-
ity measured by, for example, the GCS score and pupillary light reactivity has 
proven very useful in the prognostication of outcome in adult TBI patients [43]. 
Low GCS scores, particularly low motor scores, indicate severe disruptions of con-
sciousness and damage to the vital basal parts of the brain. Pupillary light reactivity, 
conversely, is an indirect measure of compression on the oculomotor nerve caused 
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by impending uncial herniation following a mass-occupying lesion or diffuse edema 
in the confined space of the cranium. In the adult population, increasing age has 
consistently shown a strong correlation with poorer outcomes. As outlined in the 
previous section, the relationship between age and outcome in pediatric TBI is less 
clear. By analyzing different radiological findings on admission CT scans, several 
radiological prognostic models have been developed for the adult population, such 
as the Marshall, Rotterdam, and Helsinki CT scoring models [44]. Patients can have 
very low GCS scores due to different etiologies, some of which may respond very 
well to treatment. This is recognized by some CT scoring models, such as the 
Rotterdam and Helsinki CT scores, which give patients a more favorable prognosis 
if an epidural hematoma is present. Patients with epidural hematomas can present 
with very low GCS scores and possibly die, but given urgent adequate surgical treat-
ment, may recover fully with very little parenchymal damage. In these cases, GCS 
can give an overly pessimistic prognosis compared to CT findings.

The predictive performance of a prognostic model is commonly expressed using 
two values: discrimination (i.e., the model’s tendency to assign a higher risk to 
patients with a certain outcome) and calibration (i.e., how well the model’s assigned 
likelihood matches the actual observed likelihood of an outcome). Discrimination is 
often described graphically with an area under the receiver operating characteristic 
curve (AUROC or often just AUC) or C-statistic. An AUC or C-statistic score of 0.5 
indicates that the model performs no better than a flip of a coin, whereas 1.0 indi-
cates perfect discrimination. The AUC or C-statistic score does not separate between 
specificity and sensitivity and is thus not useful as such for diagnostic tests, for 
example, where the cutoffs for sensitivity and specificity may vary depending on the 
clinical context in which the test is used. Another useful measure of model perfor-
mance is R2 (or various pseudo-R2 tests for dichotomous outcomes). R2 indicates 
how much of the observed variation in outcomes is explained by the model; for 
example, if GCS explains 50% of the variability in observed mortality after TBI, the 
R2 score of GCS would be 0.5 [43].

Many of the available models have been validated in the pediatric population. 
Perhaps surprisingly, these models developed for the adult population seem to per-
form better in the pediatric TBI population [14] (Table 33.2). This could be because 
pediatric TBI patients are less likely to suffer from confounding diseases, such as 

Table 33.2 Discriminatory power of existing prediction models in the adult and pediatric 
populations

Marshall CT classification Rotterdam CT score Helsinki CT score
Adult population
AUC mortality 0.61–0.67 0.68–0.75 0.74–0.75
AUC functional outcome 0.58–0.63 0.62–0.68 0.72–0.75
Pediatric population
AUC mortality 0.78 0.84–0.85 0.81
AUC functional outcome 0.66 0.75 0.72

An area under the curve (AUC) of 0.5 indicates that the model performs no better than chance, 
while >0.7 is considered satisfactory, >0.8 is considered good, and >0.9 is considered excellent. An 
AUC of 1.0 would indicate 100% specificity and sensitivity
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cardiovascular or lung diseases, than adult and elderly TBI patients. Thus, they are 
more discrete TBI patients, making it easier for prognostic models to predict out-
comes based on TBI-relevant data, such as the GCS score or head CT scans. These 
findings indicate that existing prognostic models could also be utilized for baseline 
stratification and propensity score matching in the pediatric TBI population.

33.7  Costs

Pediatric TBI has a huge societal impact. As mentioned earlier, pediatric TBI is 
considered one of the most expensive pediatric hospital diagnoses. This only 
accounts for direct health care costs. Given the possibly lifelong sequelae, with 
productivity losses both for the parents and the patient in the future, pediatric TBI 
can constitute an enormous preventable burden on society [45]. A study of adult 
mild-to-moderate TBI found that 84% of the total cost at 1 year was due to pro-
ductivity losses [46]. In a study by our group, the average total 1-year cost of 
pediatric TBI treated in Finnish university ICUs was €48,719, of which two-thirds 
were hospital admission costs, 27% were rehabilitation unit costs, and 7% were 
social security reimbursement costs [47]. Higher injury severity measured by 
admission GCS, pupillary light reactivity, and CT scan findings, as well as major 
extracranial injury, correlated with increased total costs. Compared to a study of 
adult TBI patients in a similar setting, the mean cost per patient was higher in our 
pediatric cohort (€37,528 per adult patient). Higher resource utilization in the 
pediatric population could be explained by relative unwillingness to, for example, 
withdraw care when treating pediatric patients. However, in the pediatric cohort, 
69% of the resources were spent on patients with favorable functional outcomes, 
compared to 45% in the adult cohort, suggesting better resource allocation and 
that children benefited more from treatment. In the adult population, a larger pro-
portion of costs was spent on rehabilitation and social security reimbursement at 
1  year (index hospital 44%, rehabilitation unit 42%, and social security costs 
14%, respectively), suggesting better rehabilitation potential in pediatric patients. 
Neurocritical care in general can be resource-intensive, with multiple novel mul-
timodal monitoring modalities and long ICU stays. However, a study from the 
United States found that adherence to current treatment guidelines for severe 
pediatric TBI did not increase total hospital or ICU costs [48]. Unfortunately, data 
on the costs and cost-effectiveness of TBI rehabilitation are scarce, and the 
Centers for Disease Control and Prevention (CDC) have specifically highlighted 
the importance of cost-effectiveness analyses of rehabilitation strategies [35]. 
Multiple studies have found the importance of family-related factors for pediatric 
TBI outcomes: socioeconomic factors predispose children to both injury itself and 
poorer recovery [9, 10]. Rehabilitation and recovery from pediatric TBI can be 
financially stressful for families due to workdays lost and out- of- pocket health 
care expenditure. Legislative measures to mitigate the financial burden on fami-
lies could be a societal cost worth considering, to improve the recovery environ-
ment for children and adolescents.
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33.8  Future Perspectives

Severe pediatric TBI is a very heterogeneous disease, and there is little good evi-
dence to guide clinical decision-making in critically ill pediatric TBI patients. As 
mentioned, during almost 15 years of nationwide registration in Sweden, only 33 
pediatric TBI patients died during their ICU stay. These data suggest two recom-
mendations: treatment should be highly centralized to maintain clinical compe-
tence, and multinational collaboration will be essential in future studies to reach 
statistical power. Today, most RCTs have been small or single center [49]. The 
hypothermia study by Hutchison et al. included 225 patients and, to our knowledge, 
is the largest multicenter RCT in severe pediatric TBI [50]. Further, only a few new 
RCTs are registered at ClinicalTrials.gov. It has been argued that for future RCTs in 
pediatric TBI to be more effective, injury characterization needs more attention, as, 
for example, a low GCS score in the setting of an acute epidural hematoma vs. dif-
fuse edema means two completely different things concerning prognosis and treat-
ment strategies. Furthermore, the effectiveness of RCTs in improving outcomes in 
critical care in general has also been questioned [51]. Thus, other paths to improved 
knowledge and efficient treatment guidelines have been sought. Comparative effec-
tiveness research uses observational data to compare the effectiveness of different 
treatment strategies using real-world data and sophisticated statistical analyses. Two 
important examples are the Collaborative European NeuroTrauma Effectiveness 
Research in TBI (CENTER-TBI) project and the Approaches and Decisions in 
Acute Pediatric TBI (ADAPT) Trial [52, 53]. The CENTER-TBI project enrolled 
both adult and pediatric TBI patients of all severities, whereas the ADAPT trial 
recruited 1000 pediatric patients with severe TBI. The hope is that these large pro-
spective, observational, multinational collaborations will help fill some of the 
knowledge gaps that, perhaps, RCTs will never elucidate in pediatric 
TBI. Technological advancements and improved multimodal monitoring could pro-
vide new insights into the nature of the disease and guide the search for novel thera-
pies and treatment strategies for both adult and pediatric TBI.

33.9  Conclusion

Pediatric TBI remains a concerning global public health issue, disproportionately 
affecting vulnerable groups. Most injuries are mild in nature, yet injuries of all 
severities can have lifelong debilitating neurologic, cognitive, behavioral, and social 
sequelae. In addition to personal suffering, pediatric TBI has a substantial societal 
impact due to treatment costs and productivity losses. Contrary to popular belief, 
younger children do not seem to have better outcomes than adolescents and adults, 
with some evidence suggesting the opposite. The physiology of pediatric TBI is 
incompletely understood, and more research is needed to understand the complex 
interaction between normal development and various types of TBI. As with adult 
TBI, no neuroprotective pharmacological treatments have made it to the clinical 
setting. TBIs of all severities are admitted to ICUs, with over a third of pediatric TBI 
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patients admitted to ICUs in Europe suffering from mild injuries. By optimizing 
treatment to mitigate acute secondary injury, an ICU stay can offer a great opportu-
nity to change the patient’s trajectory away from lifelong sequelae. Today, medical 
management in the ICU is similar to that of adult patients, optimizing the supply 
and demand of oxygen and nutrients with some variation in target values. However, 
the guidelines for the treatment of the most severely injured patients lack good evi-
dence and are mostly consensus-based. Well-powered RCTs have been notoriously 
hard to conduct in this population, but alternative study designs, together with mul-
timodal monitoring, might help breach some of the knowledge gaps needed to 
improve the outcomes of this understudied population.
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Quality Improvement in the 
Determination of Death by Neurologic 
Criteria Around the World

A. Lewis, M. P. Kirschen, and R. Badenes

34.1  Introduction

Public trust in the determination of brain death/death by neurologic criteria is con-
tingent upon prevention of false positive determinations [1]. Unfortunately, although 
brain death/death by neurologic criteria is accepted throughout much of the world 
as equivalent to death by circulatory–respiratory criteria, numerous studies have 
reported variability across national and hospital policies, practice, and documenta-
tion for brain death/death by neurologic criteria determination [2–9]. Most recently, 
a 2020 study by Lewis et al. demonstrated inconsistency across 78 national policies 
[2]. This variability has the potential to lead to inaccurate brain death/death by neu-
rologic criteria determinations.
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The World Brain Death Project (WBDP), an international consensus statement, 
establishes minimum requirements for brain death/death by neurologic criteria deter-
mination in an effort to facilitate consistency, both within and between countries 
[10]. The WBDP was endorsed by five world federations—(1) the World Federation 
of Critical Care Nurses, (2) the World Federation of Intensive and Critical Care, (3) 
the World Federation of Neurology, (4) the World Federation of Neurosurgical 
Societies and (5) the World Federation of Pediatric Intensive and Critical Care 
Societies. The intent of the WBDP is for its minimum requirements for brain death/
death by neurologic criteria determination to guide revision or creation of national 
policies for brain death/death by neurologic criteria determination around the world, 
after which hospital policies can be written or revised to reflect national policies. 
However, the WBDP questions what quality improvement measures can be put into 
place to ensure consistent and thorough brain death/death by neurologic criteria 
determination and eliminate the risk of false positive determinations [11].

Quality improvement efforts to promote accuracy and consistency in brain 
death/death by neurologic criteria determination must focus on updating national 
and hospital policies (which describe what clinicians should do) and addressing 
the discrepancy between policies and clinical practice (what clinicians actually 
do). This requires (1) medical society or governmental healthcare organizations 
to (a) align national brain death/death by neurologic criteria policies with the 
minimum requirements outlined by the WBDP and (b) facilitate regulation of 
hospital policies on brain death/death by neurologic criteria determination and 
credentialing of clinicians involved in brain death/death by neurologic criteria 
determination; (2) hospitals to ensure their policies are consistent with national 
policies; and (3) clinicians to be educated about the nuances of brain death/
death by neurologic criteria determination [1].

The WBDP recommends that clinicians involved in brain death/death by neuro-
logic criteria determination should (1) be licensed, (2) have completed training, and 
(3) be trained in brain death/death by neurologic criteria determination and in counsel-
ing families at the end-of-life [10]. The best way to evaluate and validate training 
programs and clinician competence in brain death/death by neurologic criteria deter-
mination is unknown. However, it is imperative that clinicians involved in brain death/
death by neurologic criteria determination are familiar with conditions that could con-
found the evaluation (i.e., evaluate prerequisites for brain death/death by neurologic 
criteria determination), and with performance of the clinical examination and apnea 
test and the appropriate use of ancillary testing to prevent false positive brain death/
death by neurologic criteria determinations. The WBDP statement includes a thor-
ough review of this information including a checklist and flow diagram [10].

The goal of this chapter is to provide quality improvement guidance to prevent 
false positive brain death/death by neurologic criteria determinations and ensure 
patient safety during brain death/death by neurologic criteria determination. The 
chapter addresses: (1) brain death/death by neurologic criteria mimics, (2) con-
founders that interfere with the clinical brain death/death by neurologic criteria 
evaluation, (3) prevention of complications during the apnea test, (4) ancillary test-
ing confounders and limitations, and (5) special considerations for brain death/
death by neurologic criteria determination in pediatric patients.
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Table 34.1 Mimics of brain death/death by neurologic criteria [10]

Condition
Botulism
Cervical cord injury
Fulminant Guillain-Barré syndrome
Hypokalemia
Leptomeningeal carcinomatosis
Organophosphate poisoning
Rabies encephalitis
Snake bite

34.2  Brain Death/Death by Neurologic Criteria Mimics

The WBDP specifies that brain death/death by neurologic criteria determination 
requires identification of “an established neurological diagnosis, the nature and 
severity of which is capable of resulting in the irreversible loss of the capacity for 
consciousness, the irreversible loss of all brainstem reflexes and the irreversible loss 
of the ability to spontaneously breathe in the face of a carbon dioxide and acidosis 
challenge” [10]. Diagnoses that most often lead to brain death/death by neurologic 
criteria include hypoxic ischemic brain injury, stroke (ischemic stroke, subarach-
noid hemorrhage, or intracerebral hemorrhage) and traumatic brain injury [12]. 
Other diagnoses that can lead to brain death/death by neurologic criteria include 
infections of the central nervous system (meningitis, encephalitis, abscesses), neo-
plasms, obstructive hydrocephalus, and edema secondary to severe metabolic 
derangements, such as acute hyponatremia, hyperammonemia or liver failure.

It is important to recognize there are a number of potentially reversible condi-
tions that mimic brain death/death by neurologic criteria. Because of this, if the 
etiology of a patient’s neurologic state is unknown, or any of the conditions that can 
mimic brain death/death by neurologic criteria may be present, clinicians should not 
perform an evaluation for brain death/death by neurologic criteria (Table 34.1).

34.3  Confounders That Interfere with the Clinical Brain 
Death/Death by Neurologic Criteria Evaluation

Even if a patient has a catastrophic brain injury from an etiology that can lead to brain 
death/death by neurologic criteria, there are a number of confounding conditions that 
have the potential to interfere with the brain death/death by neurologic criteria evalu-
ation and could make a person appear as though they fulfil criteria, when they in fact 
do not (Table 34.2) [10, 13]. The WBDP defines “confounders” as “circumstances 
during which a diagnostic test or clinical evaluation may become unreliable and 
require repetition over time or application of an alternative test” [10]. The WBDP 
provides guidance about how to minimize the likelihood that confounders will lead to 
a false positive brain death/death by neurologic criteria determination.
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Table 34.2 Confounding factors for the clinical brain death/death by neurologic criteria evalua-
tion (from [13] with permission)

Disease process Possible exam components confounded
Hypothermia Complete exam
Muscular paralysis Complete exam
Sedation/analgesia Complete exam
Hypoxia Complete exam
Hypotension Complete exam
Hypoglycemia Complete exam
Endocrine or metabolic 
abnormality

Complete exam

Basal skull fracture with 
hemotympanum

Oculovestibular reflex

Facial trauma Pupillary response, oculovestibular, and oculocephalic 
reflexes, cranial pain response

Pulmonary injury/disease Apnea test
Cervical spine injury Corporal pain response, apnea test
Anophthalmia Pupillary, corneal, oculovestibular, and oculocephalic 

reflexes

34.3.1  Hypothermia

Hypothermia can temporarily blunt brain activity leading to reversible coma, 
brainstem areflexia, and inability to breathe spontaneously [14]. Hypothermia may 
be induced environmentally or intentionally for therapeutic benefit through use of 
targeted temperature management (TTM) or may result from severe brain injury 
due to loss of sympathetic regulation and catecholamine release (41–100% of 
patients develop hypothermia in the setting of brain death/death by neurologic cri-
teria) [15]. Despite this, Lewis et al. found that only 78% of national brain death/
death by neurologic criteria policies addressed the minimum temperature for brain 
death/death by neurologic criteria determination, and it ranged from 32 to 36 °C 
[2]. Additionally, only 10% of national policies included information about brain 
death/death by neurologic criteria determination after hypothermia and only two 
national policies clearly specified the minimum duration to observe patients for 
neurologic recovery after rewarming before conducting the evaluation for brain 
death/death by neurologic criteria (both advised waiting at least 24  h after 
rewarming).

To ensure temperature does not confound brain death/death by neurologic crite-
ria determination, the WBDP suggests a minimum core temperature of 36  °C 
(defined by esophageal, bladder, rectal, or central venous or arterial catheter tem-
perature measurement) [10]. The WBDP advises use of a warming blanket, an auto-
mated temperature regulation device, a thermal mattress, warmed fluids, and/or 
warmed oxygen to achieve this temperature, if needed. The WBDP also provides 
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detailed guidance about timing of the brain death/death by neurologic criteria evalu-
ation after rewarming. This includes waiting a period of at least 24 h after rewarm-
ing to observe for neurologic recovery and a low threshold to perform ancillary 
testing to evaluate brain blood flow in addition to completion of the clinical brain 
death/death by neurologic criteria examination and apnea test.

34.3.2  Muscle Paralysis

Muscle paralysis due to pharmacological paralytics or a neuromuscular disorder can 
interfere with the assessment for irreversible loss of brain-mediated motor responses, 
brainstem reflexes and the ability to breathe spontaneously. However, Lewis et al. 
found that only 63% of national brain death/death by neurologic criteria policies 
noted that the effects of pharmacological paralytics must be excluded prior to brain 
death/death by neurologic criteria determination [2]. The WBDP recommends use 
of a train-of-four stimulator or demonstration of the presence of deep tendon reflexes 
prior to performance of an evaluation for brain death/death by neurologic criteria 
[10]. The WBDP also notes that ancillary testing should be performed in addition to 
completion of the clinical examination and apnea test for patients with a severe 
neuromuscular disorder, like amyotrophic lateral sclerosis, given that lack of motor 
responses in these patients cannot definitively be attributed solely to their cata-
strophic brain injury.

34.3.3  Sedation/Analgesia

Sedation and analgesia can depress the central nervous system (CNS), as can a 
number of other medications, including antibiotics, baclofen, bupropion, tricyclic 
antidepressants, and valproic acid [13]. Clearance of these medications can be 
delayed in the setting of renal or hepatic dysfunction, obesity or hypothermia. 
Although Lewis et al. found that the majority of national brain death/death by neu-
rologic criteria policies (82%) noted the need to exclude the effects of drugs or 
medications that depress the CNS before conducting the evaluation for brain death/
death by neurologic criteria, this was not uniformly specified (51% mentioned seda-
tion and 31% mentioned analgesia) [2]. Pharmacological derangements were 
included as an indication for ancillary testing in 36% of national brain death/death 
by neurologic criteria policies.

The WBDP recommends excluding the effects of drugs or medications prior to 
evaluation for brain death/death by neurologic criteria (1) using a toxicology screen 
if there is concern for toxic exposure; (2) via measurement of drug levels, if able, to 
ensure they are within or below the therapeutic range and are not felt to have the 
potential to confound the evaluation; or (3) by ensuring five elimination half-lives 
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have passed, assuming normal hepatic and renal function [10]. If there is concern 
that drug elimination cannot be confirmed prior to evaluation for brain death/death 
by neurologic criteria, ancillary testing should be performed in addition to the clini-
cal examination and apnea test.

34.3.4  Hypoxia

Hypoxic-ischemic brain injury can temporarily blunt brain activity, but Lewis et al. 
found that very few national brain death/death by neurologic criteria policies (17%) 
specified the need for an observation period after hypoxic-ischemic brain injury 
before evaluation for brain death/death by neurologic criteria [2, 16]. These policies 
all noted it was necessary to observe for at least 24 h after resuscitation to confirm 
there had been no neurologic recovery before initiating the evaluation for brain 
death/death by neurologic criteria [2]. Additionally, 7% of national brain death/
death by neurologic criteria policies recommended performance of ancillary testing 
for patients with hypoxic-ischemic brain injury.

The WBDP recommends that patients should be observed for at least 24 h after 
hypoxic-ischemic brain injury, with consideration for ancillary testing in the setting 
of hypothermia after resuscitation following hypoxic-ischemic brain injury (as dis-
cussed above) [10].

34.3.5  Hypotension

Hypotension occurs in 65–97% of patients with catastrophic brain injury due to loss 
of hypothalamic function, loss of central vasomotor regulation of sympathetic tone, 
decreased cardiac contractility, hypovolemia, or other causes of shock [15]. 
Although systemic hypotension results in brain hypoperfusion, which can cause 
transient reversible loss of brain function, Lewis et  al. found that only 44% of 
national brain death/death by neurologic criteria policies addressed the minimum 
blood pressure for brain death/death by neurologic criteria determination [2]. Some 
policies required normotension or absence of shock or hemodynamic instability, 
whereas other policies specified the minimum acceptable blood pressure (mean 
arterial pressure [MAP] >60  mmHg, MAP >70  mmHg, systolic blood pressure 
[SBP] >90 mmHg, SBP >100 mmHg, or other threshold). Cardiovascular instability 
was noted to be an indication for ancillary testing in 7% of national brain death/
death by neurologic criteria policies.
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The WBDP suggests a minimum MAP of 60 mmHg or SBP of 100 mmHg (and 
age appropriate targets in pediatric patients) prior to evaluation for brain death/
death by neurologic criteria [10].

34.3.6  Hypoglycemia or Other Endocrine or 
Metabolic Abnormality

Hypoglycemia can lead to reversible loss of brain function, but there is no estab-
lished lower limit of glucose for brain death/death by neurologic criteria determina-
tion [10, 17]. However, in a survey of 84 physicians in the Neurocritical Care 
Society, Lerner et al. found that 33% of respondents reported that their institution 
stipulated the minimum glucose for evaluation for brain death/death by neurologic 
criteria [17]. Respondents also commented on the laboratory thresholds they per-
sonally found acceptable for brain death/death by neurologic criteria determination. 
The median lower glucose threshold accepted among respondents was 60  mg/dl 
(interquartile range (IQR) 50–69 mg/dl).

Other endocrine or metabolic abnormalities could also impact the evaluation for 
brain death/death by neurologic criteria. Lewis et al. found that the need to rule out 
electrolyte, acid/base or endocrine derangements before brain death/death by neu-
rologic criteria determination was addressed in 72% of national policies, though 
very few provided specific values (8% indicated specific electrolyte values, 5% 
included a specific acid/base threshold, and 1% noted specific endocrine values) [2]. 
Metabolic derangements were noted to be an indication for ancillary testing in 19% 
of national brain death/death by neurologic criteria policies.

The aforementioned survey by Lerner et al. demonstrated that there were vary-
ing perspectives on the specific metabolic values that preclude brain death/death 
by neurologic criteria determination. In addition to glucose, arterial pH and 
sodium were considered the most important variables to check [17]. The median 
personal lower and upper pH thresholds were 7.25 (IQR 7.1–7.3) and 7.55 (IQR 
7.5–7.6), respectively, while the median personal lower and upper sodium thresh-
olds were 125 mEq/l (IQR 120–130 mEq/l) and 160 mEq/l (IQR 155–170 mEq/l), 
respectively.

The WBDP recommends correction of severe metabolic, acid-base, and endo-
crine derangements, when feasible, and performance of ancillary testing to augment 
the clinical evaluation if these derangements cannot be corrected, but does not pro-
vide specific lower or upper limits for laboratory values [10].
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34.3.7  Basal Skull Fracture with Hemotympanum

Lewis et al. noted variable guidance across national brain death/death by neurologic 
criteria policies about whether the oculovestibular reflex can be tested in the setting 
of basal skull fracture; 19% indicated a ruptured eardrum precluded the assessment, 
9% indicated a ruptured eardrum does not preclude the assessment, and 5% speci-
fied that a skull fracture could blunt the response [2]. The need for ancillary testing 
in patients with a ruptured eardrum was required in 7% of national brain death/death 
by neurologic criteria policies.

The WBDP recommends ancillary testing in addition to completion of the clini-
cal examination and apnea test for patients with a fracture of the base of the skull or 
petrous temporal bone given the potential for this type of injury to make the oculo-
vestibular reflex unreliable on the side of the fracture [10]. It also notes that pres-
ence of a ruptured tympanic membrane does not negate evaluation of the reflex, but 
that this could lead to an increased risk of meningitis.

34.3.8  Facial Trauma

Lewis et  al. found that national brain death/death by neurologic criteria policies 
provided inconsistent guidance about the ability to perform a complete brain death/
death by neurologic criteria evaluation in patients with facial trauma; 25% noted 
this was an indication for ancillary testing [2].

The WBDP advises that facial trauma could interfere with assessment of the 
pupillary, oculovestibular, and oculocephalic reflexes or the motor response of the 
face, necessitating ancillary testing in addition to completion of the clinical exami-
nation and apnea test [10].

34.3.9  Pulmonary Injury/Disease

Acute lung injury or chronic pulmonary disease has the potential to interfere with 
the apnea test [10]. Lewis et al. found that 50% of national brain death/death by 
neurologic criteria policies noted that inability to complete the apnea test warranted 
ancillary testing [2]. Safety considerations for performance of the apnea test are 
discussed in detail below.

A. Lewis et al.
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34.3.10  Cervical Spine Injury

Cervical spine injury has the potential to interfere with evaluation of motor responses, 
the oculocephalic reflex, the cough reflex, and the apnea test [10]. Lewis et al. found 
that 32% of national brain death/death by neurologic criteria policies indicated that 
cervical spine injury should be ruled out before assessment of the oculocephalic 
reflex, 3% indicated this should be ruled out before assessment of the cough reflex, 
and 5% indicated this should be ruled out before the apnea test; 9% specified that 
ancillary testing should be performed in patients with cervical spine injury [2].

The WBDP advises that the oculocephalic reflex should not be tested in patients 
with a cervical spine injury, but that if the oculovestibular reflex is performed and 
there are no extraocular movements, ancillary testing is not required as long as the 
rest of the clinical examination and the apnea test are completed and consistent with 
brain death/death by neurologic criteria [10]. However, it also notes that high spinal 
cord injuries can impact the efferent limb of the cough reflex and the apnea test and 
therefore recommends performance of ancillary testing.

34.3.11  Anophthalmia

In the setting of anophthalmia, the pupillary, corneal, oculovestibular, and oculoce-
phalic reflexes on the side without an eye cannot be evaluated. Lewis et al. found 
that 14% of national brain death/death by neurologic criteria policies specified that 
ancillary testing should be performed in patients with only one eye [2].

The WBDP recommends ancillary testing in addition to completion of the clini-
cal examination and the apnea test for patients with anophthalmia [10].

34.4  Considerations for Performance 
of the Clinical Examination

After ruling out the aforementioned mimics and confounders for the evaluation of 
brain death/death by neurologic criteria, the clinical examination can be performed. 
The steps for performance of the clinical examination for brain death/death by neu-
rologic criteria determination, responses consistent with brain death/death by neu-
rologic criteria, and special considerations enumerated by the WBDP are summarized 
in Table 34.3 [10].
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34.5  Apnea Test Safety Considerations

Safety considerations for performance of the apnea test are discussed here, but a 
detailed discussion of the procedure for performance of the apnea test can be found 
in the WBDP summary and supplemental documents [10]. The WBDP advises that 
the brain death/death by neurologic criteria evaluation should not begin until it has 
been determined that the patient is not taking any spontaneous breaths when the 
ventilator is in spontaneous breathing mode and that the apnea test should only be 
conducted after the clinical examination has been completed and found to be con-
sistent with brain death/death by neurologic criteria. Further, the WBDP recom-
mends that ventilator requirements and pulmonary status be assessed prior to the 
apnea test to determine whether the patient is likely to tolerate the test.

Although the apnea test is generally considered safe, induction of a hypercarbic 
acidemic state can lead to complications (Table 34.4). Reviews of the literature have 
demonstrated that the apnea test needs to be aborted due to hemodynamic instability 
in 1–20% of patients, particularly those of younger age, with lower pre-test pH, 
hypotension, a high arterial-alveolar gradient, or polytrauma [10, 18, 19]. However, 
the risks of the apnea test can be minimized through strict adherence to guidance on 
ensuring prerequisites are met prior to the apnea test.

Table 34.4 Apnea test safety considerations [10, 15, 18]

Complication Prevention techniques
Hypotension •  Ensure MAP >60 mmHg or SBP >100 mmHg before testing 

is initiated
• Use fluids/vasopressors/inotropes as needed
• Ensure euvolemia/hypervolemia prior to testing
• Ensure temperature is >36 °C
Abort testing for MAP <60 mmHg or SBP <100 mmHg

Hypoxemia • Preoxygenate with 100% oxygen for 10-min prior to testing
•  Consider checking arterial blood gas to ensure PaO2 

>200 mmHg
• Consider use of CPAP or a PEEP valve
Abort testing for sustained desaturation <85%

Pneumothorax, 
pneumomediastinum, and 
pneumoperitoneum

•  Ensure insufflation catheter tip is in the distal third of the 
endotracheal tube

•  Ensure insufflation catheter is not too wide compared to the 
diameter of the endotracheal tube

• Minimize oxygen flow rate through insufflation catheter
Arrhythmia/cardiac arrest • Prevent hypotension and hypoxemia

• Correct electrolyte derangements
• Ensure temperature is >36 °C

MAP mean arterial pressure, SBP systolic blood pressure, CPAP continuous positive airway pres-
sure, PEEP positive end-expiratory pressure
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Nonetheless, because of the potential for complications during the apnea test, the 
WBDP notes that it should be performed by clinicians with experience in cardiopul-
monary resuscitation (CPR) [10]. The WBDP advises that if the apnea test is 
aborted, ancillary testing should be performed or the apnea test should be repeated 
after waiting additional time for resolution of hemodynamic instability. If the apnea 
test is aborted due to hypoxemia, consideration can be given to repeating it after 
improvement in pulmonary dysfunction (perhaps via performance of recruitment 
maneuvers) or using continuous positive airway pressure (CPAP) or a positive end- 
expiratory pressure (PEEP) valve to minimize the risk of hypoxemia or induction of 
hypercarbia with carbogen to reach the target PaCO2 and pH faster.

34.5.1  Hypotension

Patients may develop hypotension during the apnea test as a result of either the acidosis 
itself or preexisting conditions; these include arteriolar vasodilation, decreased preload, 
or depressed myocardial contractility [10, 18]. A review of complications during the 
apnea test by Busl et al. found that the incidence of hypotension during the apnea test 
was 7–39% [18]. Despite this, only 14% of national brain death/death by neurologic 
criteria policies recommended aborting the apnea test if hypotension occurred [2].

To minimize the risk of hypotension during an apnea test and ensure the evalua-
tion is not impacted by hypoperfusion of the medullary chemoreceptors, the WBDP 
suggests a minimum MAP of 60 mmHg or SBP of 100 mmHg (and age appropriate 
targets in pediatric patients) be maintained for the apnea test through use of fluids, 
vasopressors, or inotropes as needed [10]. Further, it recommends aborting the test 
for MAP <60 mmHg or SBP <100 mmHg.

34.5.2  Hypoxemia

The apnea test can lead to hypoxemia due to atelectasis [10, 18]. Busl et al. found 
that the incidence of hypoxemia during the apnea test was 4–6% [18]. Despite this, 
only 23% of national brain death/death by neurologic criteria policies recommended 
that the apnea test be aborted in case of hypoxemia [2].

To decrease the risk of hypoxemia during an apnea test, the WBDP suggests that 
patients be preoxygenated with 100% oxygen for at least 10-min prior to the apnea 
test and that use of CPAP or a PEEP valve be considered to prevent atelectasis [10]. 
Some national brain death/death by neurologic criteria policies specified that the 
apnea test should only be performed after an arterial blood gas demonstrates the 
PaO2 is ≥200 mmHg [2]. The WBDP also recommends aborting the apnea test for 
sustained desaturation <85% [10].
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34.5.3  Pneumothorax, Pneumomediastinum 
and Pneumoperitoneum

Barotrauma can lead to pneumothorax, pneumomediastinum or pneumoperitoneum 
during the apnea test [10, 18]. This can develop due to a number of mechanisms. If 
an insufflation catheter is used and the catheter is placed too deep, there can be tra-
cheal perforation or if the catheter is too wide, gas flow can be obstructed. Secretions 
can also obstruct oxygenation or gas outflow. Finally, barotrauma can develop if 
oxygen flow is too high. Busl et al. reported that barotrauma during the apnea test 
was very rare [18]. To prevent these complications, it has been suggested that the 
oxygen insufflation catheter tip be in the distal third of the endotracheal tube, the 
catheter diameter be <50–70% of the endotracheal tube diameter, and hyperoxygen-
ation be avoided (<6 l/min is generally advised) [2, 10].

34.5.4  Arrhythmia/Cardiac Arrest

An arrhythmia or cardiac arrest can occur during the apnea test as a consequence of 
hypotension, hypoxemia or acidosis. Busl et al. found that the incidence of arrhyth-
mia during the apnea test was 1% and the incidence of cardiac arrest was <1% [18]. 
The recommendation to abort the apnea test due to a dysrhythmia was only men-
tioned in 21% of national brain death/death by neurologic criteria policies [2]. The 
WBDP recommends aborting the apnea test if an unstable arrhythmia occurs [10].

34.6  Ancillary Testing Confounders/Limitations

Lewis et al. found variability in ancillary testing across national brain death/death 
by neurologic criteria policies; this included variability in (1) the accepted ancillary 
tests, (2) guidance on performance and interpretation of the tests, and (3) an expla-
nation of the confounders/limitations associated with ancillary testing [2, 20]. Of 
the national brain death/death by neurologic criteria policies that included an assess-
ment of brain blood flow, <10% described confounders/limitations that could impact 
interpretation of the results [20]. Of the national policies that included electroen-
cephalography (EEG) as an acceptable ancillary test, 20% noted the potential for 
artifact, 18% noted it could be affected by sedatives, 16% noted it could be affected 
by hypothermia, 11% noted it could be affected by metabolic derangements, and 
11% noted it predominantly assessed the cortex.

The WBDP recommends ancillary testing is required if the clinical examination 
and apnea test cannot be completed, confounding conditions cannot be resolved, or 
there is uncertainty about interpretation of spinal-mediated reflexes [10]. The 
WBDP includes three acceptable ways to evaluate for the absence of brain blood 
flow for the purposes of brain death/death by neurologic criteria determination: (1) 
digital subtraction angiography, (2) radionuclide angiography/scintigraphy, and (3) 
transcranial Doppler ultrasonography [10]. The WBDP suggests against routine use 

A. Lewis et al.



481

of EEG as an ancillary test since it does not provide information about brainstem 
function, and advises that other tests to evaluate brain blood flow (e.g., computed 
tomography angiography or magnetic resonance angiography) or electrical activity 
(e.g., evoked potentials) should not be utilized. Confounders and limitations for 
each ancillary test are summarized in Table 34.5 [10, 23, 24].

Table 34.5 Ancillary testing confounders/limitations [10, 20–22]

Test Confounder/limitationa
Sensitivity/
specificity

Brain blood flow
Computed tomography 
angiography

• Requires transport to the scanner 52–97%/100%
•  Image variability based on injection 

technique
• Potential to miss a slow flow state
• Risk of nephrotoxicity

Digital subtraction 
angiographyb

• Requires transport to angiography suite 100%/100%
• Risk of nephrotoxicity
•  Image variability based on injection 

technique
Magnetic resonance 
angiography

• Requires transport to the scanner 93–100%/100%
•  Image variability based on injection 

technique
Radionuclide angiographyb • Limited evaluation of brainstem 99%/56%
Radionuclide scintigraphyb • Requires transport to the scanner Planar: 78%/100%

•  Planar imaging may have limited 
evaluation of brainstem

SPECT: 
88%/100%

Transcranial Doppler 
ultrasonographyb

•  Potential for technical difficulties in 
performance

90%/98%

• Potential for lack of windows
Electrophysiological function
Electroencephalography • Risk of environmental artifact 53–80%/97%

•  Confounded by sedation, hypothermia 
and toxic-metabolic derangements

•  Predominantly provides information 
about cortical function

Evoked potentials-auditory •  Can be absent in comatose patients with 
other intact brainstem reflexes

NA/NA

•  Confounded by sedation, hypothermia, 
isolated eighth nerve and brainstem 
lesions

• Only evaluates auditory pathways
•  Performance/interpretation may be 

limited by experience
Evoked 
potentials-somatosensory

•  Can be absent in comatose patients with 
ongoing brain function

100%/78%

•  Confounded by cervical spine injury, 
isolated brainstem lesions, sedation and 
hypothermia

• Only evaluates somatosensory pathways
•  Performance/interpretation may be 

limited by experience

(continued)
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34.7  Special Considerations for Brain Death/Death by 
Neurologic Criteria Determination in Pediatric Patients

In some nations, brain death/death by neurologic criteria policies vary based on age 
to account for physiologic and anatomic differences in younger patients that neces-
sitate a higher degree of conservatism [2, 20, 25]. For example, the USA has differ-
ent brain death/death by neurologic criteria policies for adults and infants/children 
[26, 27]. Where pediatric specific guidance is provided, it addresses prerequisites 
for the brain death/death by neurologic criteria evaluation, the clinical examination, 
the apnea test, and ancillary testing [2].

First, drug metabolism can be different in pediatric patients compared to adults, 
so this should be accounted for when assessing fulfilment of prerequisites for brain 
death/death by neurologic criteria determination.

Second, serial examinations with a specified observation period between them to 
ensure there is no recovery of neurologic function, and/or a longer observation 
period prior to brain death/death by neurologic criteria determination, is sometimes 
required for pediatric patients [2]. This is particularly important for infants after 
cardiac arrest, since their brainstem may be more resistant to hypoxic-ischemic 
brain injury than older children and adults [25]. Infants with open fontanelles also 
may not have the same consequences of intracranial pressure and herniation as 
adults. While the WBDP suggests that a single evaluation is the minimum standard 
for brain death/death by neurologic criteria determination in adults, two clinical 
examinations and apnea tests are considered the minimum standard for brain death/
death by neurologic criteria determination in pediatric patients [10]. Additionally, 
the WBDP recommends a “cautious approach with serial examinations and an ade-
quate observation period” to minimize the risk of diagnostic error. However, the 
WBDP questions whether a single examination may be practical and safe for brain 
death/death by neurologic criteria determination in children [11].

Table 34.5 (continued)

Test Confounder/limitationa
Sensitivity/
specificity

Evoked potentials-visual •  Can be absent in comatose patients with 
ongoing brain function

NA/NA

•  Confounded by sedation, retinal or optic 
nerve lesions

• Only evaluates visual pathways
•  Performance/interpretation may be 

limited by experience

NA not available
a Performance/interpretation of all ancillary tests may be limited by experience
b Accepted by the World Brain Death Project (WBDP)
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Third, the WBDP recommends that tracheal insufflation should not be used for 
the apnea test in newborns, infants, and young children [10]. CPAP can be used in 
children to prevent atelectasis; this has a low adverse event rate [19]. The WBDP 
also suggests that ancillary testing be performed in lieu of the apnea test in patients 
with chronic hypoxemia due to cyanotic heart disease [10].

Finally, the WBDP recommends a radionuclide cerebral blood flow study as the 
preferred ancillary test and suggests that EEG is a valid ancillary study in infants 
and children and can be used in certain jurisdictions [10]. The WBDP also recom-
mends that transcranial Doppler ultrasonography not be used in pediatric patients 
due to lack of data.

34.8  Conclusion

Quality improvement in brain death/death by neurologic criteria determination is 
needed to prevent false positive determinations and subsequent loss of public trust 
in brain death/death by neurologic criteria. This improvement requires education of 
clinicians involved in brain death/death by neurologic criteria determination and 
revision of national and hospital brain death/death by neurologic criteria policies to 
meet the minimum requirements described by the WBDP [10]. Clinicians involved 
in brain death/death by neurologic criteria determination must be knowledgeable 
about (1) brain death/death by neurologic criteria mimics, (2) confounders that 
interfere with the clinical brain death/death by neurologic criteria evaluation, (3) 
prevention of complications during the apnea test, (4) ancillary testing confounders/
limitations, and (5) special considerations for brain death/death by neurologic crite-
ria determination in pediatric patients. Education about brain death/death by neuro-
logic criteria determination can be found in the Neurocritical Care Society’s Brain 
Death Determination Course, an online continuing medical education module 
endorsed by the American Academy of Neurology, which reviews components of 
the evaluation, prerequisites, the clinical examination, the apnea test, ancillary test-
ing, documentation, and communication [28, 29]. Finally, other institutional or 
national systems to prevent false positive brain death/death by neurologic criteria 
determinations include requiring credentialing of clinicians involved in brain death/
death by neurologic criteria determination and oversight of hospital brain death/
death by neurologic criteria policies by regulatory authorities [1, 30]. However, it is 
unknown what is the best (1) way to evaluate and validate the quality and efficacy 
of brain death/death by neurologic criteria training programs, (2) way to assess for 
clinician competence in brain death/death by neurologic criteria determination, and 
(3) means to certify and recertify clinicians for brain death/death by neurologic 
criteria determination [10]. Quality improvement research related to optimization of 
the accuracy and consistency of brain death/death by neurologic criteria determina-
tions is needed.
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35COVID-19 ARDS in Pregnancy: 
Implications for the Non-COVID Era

M. Di Nardo, M. C. Casadio, and V. M. Ranieri

35.1  Introduction

Acute respiratory distress syndrome (ARDS) is a form of respiratory failure charac-
terized by pulmonary edema due to pulmonary inflammation, decreased lung com-
pliance, and severe hypoxemia. The Berlin definition is currently used to diagnose 
ARDS, and its severity is evaluated using three oxygenation thresholds [1]. Although 
data on ARDS during pregnancy are limited to case reports and case series [2], there 
is a consistent agreement that: (a) ARDS is a major mortality and morbidity factor 
for both the mother and the fetus; (b) ARDS is the most frequent cause of intensive 
care unit (ICU) admission during pregnancy [3]. The frequency of ARDS in the 
non-pregnant population ranges between 5 and 80 cases per 100,000 people per 
year [4], whereas the incidence of ARDS during pregnancy is higher (70–120 cases 
per 100,000 deliveries) [5] indicating that pregnancy may increase the risk of 
ARDS. The mortality rate of ARDS in the general population is around 40%, while 
in pregnancy it is variable and ranges between 25% and 50% [4, 6] with significant 
morbidity continuing even after the initial ARDS recovery [7].

The coronavirus disease 2019 (COVID-19) pandemic has dramatically increased 
the number of patients with ARDS requiring ICU admission for ventilatory support. 
While in 2016, 20% of patients admitted to the ICU had ARDS [8], in 2020, 60% of 
patients admitted to the ICU had COVID-19-induced ARDS [9]. Consistent with 
these data, a dramatic increase in COVID-19-induced ARDS was observed in 
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pregnant women. Early data from China and the USA showed that the risk of severe 
COVID-19 and ARDS in pregnant women was similar to that of the general popula-
tion [10–12]. However, this first enthusiasm was dampened by other data showing that 
pregnant women with COVID-19 had a higher risk of hospitalization than non-preg-
nant women [13]. Symptomatic pregnant women with COVID-19 have an increased 
risk of ICU admission and adverse maternal and neonatal outcomes [14–16] com-
pared with symptomatic non-pregnant females. A multicenter international study con-
ducted in 32 ICUs in France, Belgium, and Switzerland showed that among the 2480 
pregnant women with COVID-19, 187 (8%) were admitted to the ICU for severe 
pneumonia due to the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), and 73 (39%) patients had required intubation [17].

Considering the large amount of data gathered during the COVID-19 pandemic, 
we will review the evidence to provide tools for a better understanding and clinical 
management of ARDS during pregnancy in the non-COVID era.

35.2  Pregnancy, ARDS, and SARS-CoV-2 Infection

Several physiologic changes related to pregnancy may increase the risk of ARDS 
(Table 35.1) [18, 19]. For example, as the uterus enlarges, the functional residual 
capacity (FRC) may reduce significantly favoring the development of atelectasis. 
The increase in plasma volume coupled with a decrease in oncotic pressure may 
contribute to pulmonary edema [6]. Pregnancy-specific conditions, such as pulmo-
nary edema due to preeclampsia, amniotic fluid embolism, tocolytic-associated pul-
monary edema, and obstetric sepsis (e.g., chorioamnionitis and endometritis), may 
increase the risk of ARDS [6]. Alterations in cell-mediated immunity may predis-
pose the patient to pulmonary infections with higher fatality rates than in the general 
population [19]. Delayed stomach emptying caused by progesterone, may increase 
intra-abdominal pressure and favor gastric acid aspiration, increasing the risk of 
ARDS.  Increase in the human placental growth hormone during late pregnancy 
results in airway hyperemia and edema and increased respiratory drive and minute 
ventilation (20–40% over baseline by term). The major mechanism behind the 
increase in minute ventilation is the increase in the tidal volume of approximately 
30–35% above baseline. Due to all these changes, arterial blood gases during preg-
nancy show respiratory alkalosis with a compensatory renal excretion of bicarbon-
ate; as a result, the partial pressure of carbon dioxide (PaCO2) is lower than normal 
(28–32 mmHg) as is the plasma bicarbonate (18–21 mEq/l) [20].

Of note, the mother’s oxygen intake and carbon dioxide output increase during 
pregnancy, reaching 20–33% over baseline by the third trimester. Therefore, preg-
nant patients are more vulnerable to hypoxia than non-pregnant patients in case of 
hypoventilation or apnea. Additionally, severe alkalosis and acidosis (metabolic or 
respiratory) may decrease uterine blood flow and negatively impact fetal oxygen-
ation [2, 6]. Consequently, maintenance of high levels of perfusion (cardiac index 
>4–5 l/min/m2) to the uterus and adequate values of gas exchange (oxygen partial 
pressure (PaO2) ≥70 mmHg, PaCO2 <45 mmHg with a pH >7.30) are essential for 
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Table 35.1 Physiologic changes during pregnancy

System Physiologic change
Respiratory 
changes

Increase in oxygen demand
Increase in minute ventilation
Hyperventilation (↑ PO2 and ↓ PCO2)
Reduction in functional residual capacity

Cardiovascular 
changes

Increase in cardiac output (up to 40%)
Reduction in systemic vascular resistance due to peripheral vasodilatation 
(up to 25–30%)
Reduction in venous return, mainly because of inferior vena cava 
compression
Reduction in colloid osmotic pressure/pulmonary capillary wedge pressure 
gradient, with high risk of pulmonary edema

Hematological 
changes

Increase in plasma volume (up to 10% above baseline by 7 weeks of 
gestation, plateau by 32 weeks at 45–50%), parallel but weaker increase in 
red blood cell mass (18–25%), determining dilutional anemia
Increase in white cell count
Reduction in platelet count (dilutional effect and/or increased consumption 
secondary to endothelial-mediated activation)
Increase in coagulation factors (fibrinogen, factor VII, VIII, IX, X, XII) and 
von Willebrand factor circulating levels, maintenance or slight decrease in 
natural anticoagulant levels (antithrombin III, protein C, protein S), reduction 
in fibrinolytic activity (increase in plasminogen activator inhibitors 1 and 2); 
thus, defining a pro-coagulable state

Immunological 
changes

Increase in complement system molecules (C3, C4, C5, C9) and regulatory 
proteins (factor H)
Increase in neutrophil count, though less active (e.g., lower phagocytosis)
Reduced natural killer cells, T-helper-cells and T-cytotoxic cells (increased 
susceptibility to viral and fungal pneumonias)
Diversion of Th1/Th2 immunological responses towards a Th2 specific 
response
Reduction in B-cell count (“physiological” B cell lymphopenia), especially 
innate B-1 cell levels (major source of “innate” IgM antibodies), and 
function (e.g. loss of responsiveness to mitogens)
Increase in IgG1 and IgG3 levels (third trimester), stable IgG2 and IgG4 
levels
Increased proportion of T-regulatory-cells (peak in second trimester)
Increase in CD19+CD24hiCD27+ B-regulatory-cell (first trimester, 
important role in maternal Th1 responses suppression)

fetal well-being [6, 18]. Clinically, the signs and symptoms of ARDS reflect the 
underlying disease process [21]. However, critical patients may exhibit classical 
generic signs and symptoms of acute hypoxemic respiratory failure, such as wors-
ening dyspnea, tachypnea, tachycardia, cyanosis, restlessness, and confusion. Chest 
auscultation can detect diffuse bilateral crackles or wheezing at the bases of 
the lungs.

Over the last 20 years, various definitions of “obstetric-related ARDS” have been 
proposed, including ARDS during pregnancy or occurring within 7 days after deliv-
ery, or within a month after delivery [6]. However, as the majority of pregnancy- 
related physiological changes persist for 6  weeks after birth, it could be more 
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appropriate to include the postpartum period in the definition [6, 7]. According to 
the Berlin definition, ARDS requires the presence of bilateral pulmonary infiltrates 
on chest X-ray or computed tomography (CT) scan; thus, both imaging techniques 
should be used to finalize diagnosis. However, these techniques require ionizing 
radiation and may have adverse effects on the fetus depending on the maternal ges-
tational age [22]. These adverse effects include teratogenicity, abnormal neurologi-
cal development, and an increased risk of childhood leukemia [23]. Fetal 
teratogenicity risks are higher during the first trimester and are related to the total 
dose of radiation administered (usually requiring >50 mGy). However, the risk of 
fetal teratogenicity with low radiation exposure (<50  mGy) is minimal. For this 
reason, maternal examinations should not be withheld when necessary for the diag-
nosis and clinical management of ARDS in pregnancy.

Several physiologic adaptations to pregnancy may increase maternal susceptibil-
ity to infections and to SARS-CoV-2 infection, including changes in the maternal 
immune system function, impairment of the respiratory function, and the hyperco-
agulability state (Table 35.1) [24, 25]. Maternal changes in immune function consist 
of a hormone-mediated shift from a T helper 1 to T helper 2 cell response with a 
decrease in CD4+ and CD8+ T cells. This asset produces an important immuno-
modulation associated with an anti-inflammatory cytokine profile to prevent rejec-
tion of the fetus [25]. These changes, associated with the reduction in the FRC, 
make pregnant women more susceptible to respiratory infections [24, 25]. Moreover, 
the hypercoagulable state typical of physiological pregnancy, is amplified by SARS- 
CoV- 2 infection. SARS-CoV-2 causes a significant activation of coagulation path-
ways and fibrinolysis and endothelial damage (thrombotic microangiopathy) [26]. 
Consequently, pregnant women with COVID-19 may have synergistic factors that 
may increase the risk of thrombosis and thromboembolic events (pulmonary embo-
lism) and pre-eclampsia [24, 27].

SARS-CoV-2 infection in pregnant women can be asymptomatic (most of the 
cases) or symptomatic [24]. The most common clinical manifestations [24] are 
cough, dyspnea, and fever, and symptoms do not appear to differ based on gesta-
tional age [28]. Symptomatic pregnant women can be classified as mild, moderate, 
severe, and critical (Table 35.2) according to the severity of the respiratory disease 
and the presence of multiorgan failure and are generally admitted to the hospital in 
the late second or third trimester [29]. Risk factors for severe COVID-19 disease in 

Table 35.2 Classification of coronavirus disease 2019 (COVID-19) by severity

Classification Definition
Asymptomatic Positive SARS-CoV-2 testing, but no symptoms
Mild Fever, cough, but no shortness of breath, dyspnea or abnormal imaging on 

chest X-ray
Moderate Clinical or radiographic evidence of mild pneumonia (O2 saturation >93% on 

room air at sea level)
Severe Dyspnea, respiratory rate >30/min, O2 saturation <93%, PaO2/FiO2 <300 or 

>50% lung infiltrates
Critical Respiratory failure requiring invasive mechanical ventilation, septic shock and/

or multiorgan dysfunction
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pregnancy include older age, black or Hispanic race, obesity, systemic hyperten-
sion, and diabetes [14, 24]. Adverse maternal and neonatal outcomes are reported in 
pregnant patients with severe or critical COVID-19 [14]. Differential diagnoses for 
symptomatic respiratory failure due to COVID-19 in pregnancy can be wide- ranging 
and include pulmonary embolism, cardiomyopathy, pre-eclampsia, and other etiolo-
gies of viral/bacterial pneumonia.

Respiratory failure associated with COVID-19, despite meeting the Berlin crite-
ria for ARDS in most cases, may present distinctive features, including severe 
hypoxemia often associated with “near normal” respiratory system compliance 
(phenotype L) [30]. This combination is uncommon in ‘typical’ ARDS and may 
require different bedside management. Recent data suggest that SARS-CoV-2 infec-
tion leads to an interstitial pneumonia (ground-glass lesions) associated with rela-
tively little gasless tissue at the beginning of the infection. Consequently, loss of 
hypoxic vasoconstriction may be responsible for the hypoxemia [30]. Compared to 
non-pregnant women, these features generally cause an increase in the respiratory 
drive, which is clinically manifest by an increase in the respiratory rate, rather than 
an increased tidal volume, which is already increased during pregnancy. In many 
COVID-19 pregnant patients, this phenotype of ARDS can stabilize and improve, 
whereas in others, either because of disease severity or suboptimal treatment, it may 
assume the characteristics of typical ARDS (phenotype H). This H phenotype pres-
ents extensive lung consolidations and higher lung weight on CT scan. In these 
patients, potential lung recruitment with positive end-expiratory pressure (PEEP) is 
high. A meta-analysis of 42 studies including 247 pregnant women with COVID-19 
showed that a focal (unilateral or bilateral) ground-glass pattern (interstitial edema) 
was more frequent in asymptomatic mild cases, while diffuse ground-glass densi-
ties, consolidations (alveolar edema), subpleural lesions, and pleural effusions were 
more frequent in severe cases [31].

Several key factors may be responsible for the worsening of this form of respira-
tory failure: (a) the natural evolution of COVID-19 disease in an immunocompro-
mised host; (b) bacterial superinfections; and (c) the depth of the negative 
intrathoracic pressure during spontaneous breathing [30]. All these features may 
increase lung inflammation, interstitial edema, lung weight, and consequently the 
amount of atelectasis. The increase in atelectasis, as well as in D-dimer levels, 
which reflects the endothelial injury caused by COVID-19, may contribute to 
hypoxemia increasing the death space.

35.3  Maternal Management of COVID-19 ARDS

The first and immediate goal in all ARDS cases involving pregnant women with 
COVID-19, is to maintain an adequate maternal PaO2 (>70  mmHg) and PaCO2 
(<45 mmHg) [32]. In the early phases of ARDS, these targets may be achieved sim-
ply with low flow oxygen administration (e.g., venti-mask). However, as the disease 
worsens, oxygen supplementation may be delivered by different devices, including 
high-flow nasal-cannula (HFNC) oxygenation, continuous positive airway pressure 
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(CPAP), and non-invasive ventilation (NIV) [33]. Optimal non-invasive respiratory 
support, time of intubation, and mechanical ventilation settings are still controver-
sial in COVID-19 patients [34]. Whereas the indications for invasive mechanical 
ventilation are the same as for non-COVID-19 pregnant women, they also include 
altered mental status, progressive or refractory hypoxemia, signs of respiratory 
maternal fatigue, and acidosis [34].

HFNCs are the most common technique to provide oxygen supplementation in 
ARDS patients. HFNCs provide a heated and humidified oxygen flow up to 60 l/min 
and a FiO2 up to 100% [2]. This technique may improve the CO2 wash out from the 
upper airways and may generate a modest PEEP (2–5 cmH2O). HFNC oxygen may 
minimize mucosal injury, improve secretion clearance, and reduce transpulmonary 
driving pressure. HFNCs are generally considered comfortable by patients and 
associated with a higher compliance than other non-invasive devices or techniques, 
such as facial masks, helmet CPAP, or NIV through a ventilator [35]. When HFNC 
oxygenation fails, CPAP or NIV through a ventilator can be used for short-term 
ventilatory support. CPAP may be administered with different devices (facial mask 
or helmet) [35, 36]. However, NIV should be attempted with caution in pregnant 
patients before endotracheal intubation due to the risk of gastric acid aspiration 
[36]. Decreased tone of the lower esophageal sphincter, increased abdominal pres-
sure, and decreased gastric emptying may put pregnant women at risk of aspiration. 
This risk is further increased during NIV, which may lead to gastric distension. 
Additionally, potential development of high inspiratory efforts during NIV can gen-
erate large tidal volumes, that may induce self-induced lung injury (SILI) with NIV 
failure and barotrauma (i.e., pneumothorax and pneumomediastinum) [30].

In pregnant women failing NIV, invasive positive pressure mechanical ventila-
tion is essential to improve gas exchange and reduce the work of breathing. 
Intubation in pregnant patients should be performed by experienced staff, since 
the risk of failed intubation is higher compared to non-pregnant women, due to the 
anatomical changes related to pregnancy (e.g., airway edema) [2, 6, 15, 32]. Once 
intubated, current guidelines suggest that pregnant patients should be treated as 
classic ARDS patients with low tidal volume (6 ml/kg of predicted body weight 
[PBW]) and a plateau pressure (PPlat) limited to 28–30  cmH2O [30]. However, 
since the cause of ventilator-induced lung injury (VILI) is not the pressure applied 
to the whole respiratory system (Paw), but that applied to the lung (i.e., the trans-
pulmonary pressure), a PPlat value of 28–30 cmH2O may not be sufficient to coun-
terbalance a reduced chest wall compliance of the pregnant patient [37] and may 
favor atelectasis development. Actually, the relationship between the airway pres-
sure and the transpulmonary pressure in an individual patient is strictly linear and 
follows the formula: PL = Paw x (EL/Etot) [38]. The transpulmonary pressure (PL) 
equals the applied airway pressure (Paw) times the ratio of lung elastance to total 
respiratory system elastance (EL/Etot). In the general population, this ratio aver-
ages 0.7; however, in ARDS, it may vary between 0.2 and 0.8 [38]. Thus, the 
‘safe’ 30  cmH2O may result in a transpulmonary pressure as low as 6  cmH2O 
causing hypoxemia or as high as 24 cmH2O causing lung overdistension. In preg-
nant women, the EL/Etot is generally low as in obese patients (e.g. 0.2), therefore, 
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even a Paw of 28–30 cmH2O may generate a low transpulmonary pressure causing 
hypoventilation and severe hypoxemia [37]. In these patients, hypoxemia may be 
easily reversed by safely increasing tidal volume till a transpulmonary pressure of 
between 22 and 24 cmH2O. In general, COVID-19 patients with a L phenotype, 
generally have a low response to PEEP (low potential for lung recruitment) and 
should be treated with low PEEP levels (5–8 cmH2O) [39], while patients with a 
H phenotype (high potential for lung recruitment), may require higher PEEP lev-
els to counterbalance the increased weight of the lung due to edema. There are 
several methods to personalize PEEP in ARDS patients [40]. Generally, the main 
goal is to achieve a PEEP level that allows reduction of the driving pressure 
(<15  cmH2O) with the best respiratory system compliance. However, caution 
should be taken in pregnant patients, since high PEEP levels may reduce maternal 
venous return and cardiac output, and consequently affect the oxygen delivery to 
the fetus. For this reason, close maternal and fetal assessment is essential in preg-
nant patients receiving high PEEP levels.

Recently, Péju and coworkers showed that obesity, pregnancy-related complica-
tions, more advanced term of pregnancy, and NIV use were more frequent in patients 
who required to be intubated. When the authors performed a multivariate analysis, 
obesity (hazard ratio [HR] 2.00, 95% confidence interval [CI] 1.05–3.80, p = 0.03), 
term of pregnancy (HR 1.07, 95% CI 1.02–1.10, per + 1 week gestation, p = 0.01), 
extent of CT scan abnormalities >50% (HR 2.69, 95% CI 1.30–5.60, p < 0.01), and 
NIV use (HR 2.06, 95% CI 1.09–3.90, p = 0.03) were associated with a higher risk 
of intubation [17].

35.3.1  Prone Position

Prone positioning is generally recommended to manage severe ARDS with a 
PaO2/FiO2 <150 mmHg [41]. Repeated cycles of prone positioning, lasting at least 
12–16 h, may improve ventral-dorsal pleural pressure gradient and reduce alveo-
lar shunt. In COVID-19 patients with significant consolidation in the dependent 
zones, prone positioning has been recommended to improve oxygenation [30, 42]. 
Several reports have described its feasibility and safety also in COVID-19 preg-
nant patients with ARDS [43]. However, prone positioning in pregnant women 
requires appropriate supports to sustain the large gravid abdomen and the fetal 
heart rate should be carefully monitored during the procedure to identify any dete-
rioration in clinical status (Fig. 35.1) [44]. Pregnant women should be kept in the 
prone position as long as they can tolerate it. Prone positioning should be discon-
tinued if there is no gas exchange improvement, in the presence of acute derange-
ments of fetal heart rate tracing or maternal hemodynamic worsening, or in the 
presence of significant gas exchange improvement when the patient is returned to 
the supine position. Furthermore, particular attention should be paid to prevent 
complications associated with prone positioning, including vascular line and 
endotracheal tube displacement, facial edema, pressure sores, corneal abrasions, 
and brachial plexus injury [43, 44].
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Fig. 35.1 Prone positioning in pregnant patients with and without extracorporeal membrane oxy-
genation (ECMO) support

35.3.2  Extracorporeal Membrane Oxygenation (ECMO)

Veno-venous extracorporeal membrane oxygenation (VV-ECMO) is an invasive 
strategy to support patients with refractory respiratory failure [45]. Indications for 
VV-ECMO in the general population are: PaO2/FiO2 <50 mmHg for >3 h or PaO2/
FiO2 <80 mmHg for >6 h; pH <7.25 with PaCO2 >60 mmHg for >6 h with a respi-
ratory rate up to 35 breaths/min, along with plateau pressure >30 cmH2O [45]; 
these indications are also used during pregnancy. Veno-arterial (VA-ECMO) is 
commonly used in the postpartum period rather than antenatally to manage peri-
partum cardiomyopathy, pulmonary embolism, amniotic fluid embolism, cardiac 
arrest, and septic shock. During the 2009 H1N1 pandemic, ECMO was success-
fully used to rescue pregnant women with refractory hypoxemia [46, 47]. Positive 
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results were found also during the COVID-19 pandemic [48–50]. In a recent ret-
rospective cohort study including 100 COVID-19 pregnant/peripartum patients 
supported with VV-ECMO, survival to hospital discharge was higher and ECMO-
related complications were lower than those of non-pregnant women supported 
with VV-ECMO for ARDS [48].

ECMO management for COVID-19 ARDS is not significantly different from 
that of other forms of ARDS in pregnancy [47]. Since maternal cardiac output 
increases by the third trimester, ECMO flows should be kept higher (100–120 ml/
kg/min) than for non-pregnant patients to grant an adequate fetal oxygenation as 
reflected by a maternal SaO2 >90%. Hypercapnia and hypocapnia should be avoided 
and a range of PaCO2 between 28 and 32 mmHg should be pursued to create a favor-
able partial pressure gradient for fetal CO2 elimination and oxygen intake. Native 
lung management is generally provided with ‘lung rest settings’, which includes a 
plateau pressure between 20 and 25 cmH2O, PEEP between 10 and 15 cmH2O, FiO2 
between 30% and 40%, and a respiratory rate between 5 and 10 breaths/min.

Continuous fetal heart tracing is mandatory during ECMO to detect early signs of 
decompensation. As in the general population, optimal anticoagulation management 
in pregnant patients has not yet been established, however, in COVID-19 patients, 
higher levels of anticoagulation should be used; in selected patients at high risk of 
bleeding, ECMO without systemic anticoagulation has been successfully used.

Currently, the guidelines from the Society for Maternal-Fetal Medicine suggests 
the use of ECMO as rescue for COVID-19 ARDS in postpartum and pregnant 
women <32 weeks gestation to facilitate in utero fetal development [51].

35.3.3  Pharmacological Treatment

A variety of treatment options has been evaluated for COVID-19 patients and 
although some of them (e.g., dexamethasone, remdesivir, tocilizumab, etc.) have 
shown clinical benefits (e.g., decreasing duration of hospital stay, improving overall 
morbidity, etc.), their use is controversial in pregnant women, who have often been 
excluded from clinical trials. The Recovery trial [52] demonstrated that a daily dose 
6 mg of dexamethasone for 10 days may decrease the risk of mortality in COVID-19 
patients requiring oxygen therapy and mechanical ventilation. Of note, since this 
dose was previously shown not to be teratogenic in pregnant women, this trial also 
included pregnant and breastfeeding women. Importantly, when steroids are used to 
speed up fetal lung maturity, a dose of 6 mg of dexamethasone every 12 h for 48 h 
is recommended followed by 10 days of daily 6 mg doses.

Remdesivir has been shown to reduce the duration of disease in patients receiv-
ing oxygen therapy, and current guidelines recommend its use in hospitalized 
patients with an SpO2 <94%. There are no data available from pregnant women. 
However, no known teratogenic effects of remdesivir have been reported in previous 
experiments, so remdesivir may be considered an optional treatment for severe 
COVID-19 ARDS in pregnancy [53].
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As COVID-19 patients have a higher risk of thromboembolic events due to the 
direct endothelial damage caused by SARS-COV-2, thromboprophylaxis is strongly 
recommended in hospitalized pregnant patients [53].

35.4  Timing and Delivery of the Fetus

The care of a critically ill pregnant woman with COVID-19 requires a multidisci-
plinary team consisting of obstetricians, intensivists, cardiothoracic surgeons, per-
fusionists, anesthesiologists, neonatologists, physiotherapists, and nurses.

Because there are few data supporting the optimal timing and mode of delivery 
(vaginal vs. Cesarean) in pregnant women with severe COVID-19, to individualize 
treatment the whole team should carefully evaluate the fetus gestational age and its 
clinical condition as well as the maternal health status and its likelihood of recovery 
with delivery [6, 15]. In the case of acute changes in maternal respiratory/hemody-
namic status, continuous fetal monitoring should be promptly initiated. Emergency 
Cesarean section may be considered in case of fetal distress, critical maternal dete-
rioration including septic shock and multiorgan failure, or poor progression in labor 
[15]. However, before a viable gestational age is reached, delivery is not an option 
and every attempt should be made to postpone delivery [6]. In such cases, the use of 
VV-ECMO has been advocated to improve maternal gas exchange while awaiting 
for the fetus to reach an adequate gestational age (32–34 weeks) [50, 51]. In late 
pregnancy, elective delivery may improve maternal status (reduction of the oxygen 
consumption, improvement in diaphragmatic excursion, reduction in intrathoracic 
pressure, and resolution of the aortocaval compression) [15]. After delivery, imme-
diate clamping of the umbilical cord and separation of the newborn from the mother 
is recommended to reduce the risk of vertical SARS-CoV-2 infection [15, 32].

35.5  Conclusion

The extensive clinical experience gained during the pandemic in the treatment of 
pregnant patients with ARDS [17] coupled with acquisition of the knowledge that 
COVID-19 ARDS does not differ substantially in terms of pathophysiology and 
treatment from conventional ARDS [54], leads us to conclude that clinical knowl-
edge acquired during the pandemic can be transferred to the management of preg-
nant patients with ARDS not due to COVID.

Management requires a multidisciplinary team composed of intensivists, gyne-
cologists, neonatologists, midwives, and obstetric nurses. Low flow oxygen therapy 
or HFNC oxygenation can be used in the early management of patients with hypox-
emia while NIV is recommended only for short-term periods. Invasive mechanical 
ventilation should be considered in case of failing NIV and tailored according to the 
lung and chest wall elastance. Severe hypoxemia refractory to maximal medical 
management should be treated with careful use of prone-positioning first. ECMO 
may also be implemented until a viable gestational age is reached. Pharmacological 
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treatment in more severe cases is controversial since pregnant women have been 
excluded from several trials; however, the use of steroids in patients requiring oxy-
gen support or mechanical ventilation may be recommended as well as thrombopro-
phylaxis. Timing and mode of delivery should be individualized according to the 
maternal/fetal condition.
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36Amniotic Fluid Embolism

E. LaFond and J. Bakker

36.1  Introduction

Amniotic fluid embolism is one of the most devastating complications in obstetrics. 
It is characterized by the sudden onset of hypotension, hypoxia, and coagulopathy 
during, or immediately after, delivery. The coagulopathy can lead to profound post-
partum hemorrhage. While rare in an absolute sense, amniotic fluid embolism is 
identified as the leading cause of maternal mortality in many developed countries 
[1, 2]. Most clinicians and institutions have limited experience with the manage-
ment of amniotic fluid embolism. Intensivists are often called upon to co- manage 
cases of suspected amniotic fluid embolism with our colleagues in obstetrics and 
anesthesia, so familiarity with this condition is imperative.
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36.2  Pathophysiology

The pathogenesis of amniotic fluid embolism is unclear. Historically, it was believed 
to result from mechanical obstruction of the maternal pulmonary circulation by fetal 
squamous cells, leading to cardiopulmonary collapse. However, subsequent research 
has suggested that the pathophysiology involves the abnormal release of pro- 
inflammatory mediators in response to fetal antigens, similar to the systemic inflam-
matory response syndrome (SIRS), where the abnormal host response, rather than 
the inciting antigen itself, is responsible for the subsequent clinical manifestations 
[2–4]. The physical breach between the maternal and fetal compartments is thought 
to occur at the level of endocervical veins, placental attachment sites, and uterine 
trauma sites, creating a pressure gradient for amniotic fluid to move from the uterus 
to the maternal circulation [5]. This hypothesis is supported by the increased risk of 
amniotic fluid embolism among patients with placental pathology, instrumented 
vaginal deliveries, Cesarean section, and cervical or uterine lacerations [5, 6].

These inflammatory mediators and endogenous catecholamines induce pulmo-
nary hypertension and acute cor pulmonale. Right ventricular (RV) dilation, RV 
systolic dysfunction, and a D-shaped septum have been observed on transesopha-
geal echocardiography (TEE) performed during the hyperacute phase of amniotic 
fluid embolism (within 30 min) [7]. Right heart failure can subsequently lead to left 
ventricular (LV) failure. Studies performed using pulmonary artery catheters later in 
the early course of amniotic fluid embolism (1–2 h after onset of clinical signs) 
reported a high pulmonary artery occlusion pressure (PAOP) and LV dysfunction, 
supporting the hypothesis that there may be a bisphasic reaction in which early 
right-sided heart failure leads to the development of LV failure [2].

Disseminated intravascular coagulation (DIC) complicates up to 80% of cases of 
amniotic fluid embolism. The precise mechanism remains unclear. DIC is thought 
to develop when tissue factor in amniotic fluid binds factor VII, activating the 
extrinsic pathway. This activates factor X and the development of a consumptive 
coagulopathy [5]. Additional research has highlighted complement activation as 
another possible explanation [8].

There is considerable debate regarding whether a consumptive coagulopathy or 
massive fibrinolysis causes post-partum hemorrhage in DIC from amniotic fluid 
embolism. There is conflicting evidence, as case reports describing the use of 
thromboelastogram (TEG) or rotational thromboelastography (ROTEM) in amni-
otic fluid embolism have described findings consistent with both consumptive coag-
ulopathy and massive fibrinolysis [9–11].

36.3  Incidence

The true incidence of amniotic fluid embolism is confounded by the absence of a 
gold-standard diagnostic test, the use of different diagnostic criteria, inconsistent 
reporting, and a clinical presentation that shares features with more common obstet-
ric complications. However, the incidence of amniotic fluid embolism is estimated 
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to be 1 per 40,000 deliveries [2] and the reported mortality rate is approximately 
20% [12]. While rare in an absolute sense, amniotic fluid embolism is identified as 
the leading cause of maternal mortality in many developed countries [1, 2].

36.4  Clinical Features

Amniotic fluid embolism is characterized by the sudden onset of hypotension, 
hypoxia, and coagulopathy leading to hemorrhage. Additional clinical features can 
include cardiac arrest, cardiac dysrhythmia, altered mental status, and seizure. 
When cardiac arrest occurs, asystole, pulseless electrical activity (PEA), and ven-
tricularly fibrillation (VF) or ventricular tachycardia (VT) have all been described 
[13]. Patients who survive amniotic fluid embolism can go on to develop multiorgan 
failure, acute respiratory distress syndrome (ARDS), and hypoxic brain injury [13].

The onset of amniotic fluid embolism usually occurs during labor and delivery or 
immediately following delivery (within 30 min). However, delayed amniotic fluid 
embolism has been reported as late as 48 h postpartum. There are also case reports 
of amniotic fluid embolism occurring after first or second trimester abortion, amnio-
centesis, and uterine or cervical trauma [5].

36.5  Diagnosis

The diagnosis of amniotic fluid embolism is a clinical diagnosis of exclusion. 
Diagnostic challenge arises in cases that do not present with the classic triad of 
hypotension, hypoxia, and coagulopathy. Amniotic fluid embolism can present with 
only hypotension and respiratory failure, and rarer still, DIC can be the presenting 
feature or can be absent altogether. Atypical presentations represent approximately 
25% of all cases of amniotic fluid embolism [2]. Furthermore, hypotension, hypoxia, 
and coagulopathy are not unique to amniotic fluid embolism, and can be present in 
isolation or in varying combinations in other conditions that cause pregnant or post-
partum patients to become critically ill, such as pulmonary embolism, peripartum 
cardiomyopathy, myocardial infarction, and septic shock (Table 36.1).

No single diagnostic test or biomarker for amniotic fluid embolism has been 
identified. Historically, the detection of fetal squamous cells in the maternal pulmo-
nary circulation via pulmonary artery catheter was considered diagnostic, but fur-
ther studies have demonstrated that these findings are also present in critically ill 
pregnant or postpartum patients without amniotic fluid embolism [2, 14]. Several 
studies have investigated potential biomarkers for amniotic fluid embolism, most 
notably insulin-like growth factor binding protein-1 (IGFBP-1), a protein found in 
high concentrations in the amniotic fluid. However, results of a recent retrospective 
multicenter cohort study were negative [15].
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Table 36.1 Amniotic fluid embolism: an overview

Characteristic Comment
Incidence 1 in 40,000 births
Mortality 20.4%
Risk factors Advanced maternal age, placental pathology (placenta previa, accreta, or 

abruption), instrumented vaginal delivery, Cesarean section
Clinical 
features

Classic triad of hypotension, hypoxia, and coagulopathy during or 
immediately following delivery

Differential 
diagnosis

Pulmonary embolism, air embolism, high neuraxial anesthesia, myocardial 
infarction, peripartum cardiomyopathy, aortic dissection, aspiration, septic 
shock, anaphylactic shock, postpartum hemorrhage from another cause

Management Advanced cardiac life support (ACLS), intubation and mechanical ventilation, 
correction of underlying coagulopathy, management of severe hemorrhage, 
consideration of VA-ECMO

VA-ECMO veno-arterial extracorporeal membrane oxygenation

Results of additional laboratory and radiographic studies are nonspecific. The 
white blood cell count may be elevated. Patients with DIC will exhibit a low fibrino-
gen (<200 mg/dl), elevated D-dimer, thrombocytopenia, and a prolonged prothrom-
bin time (PT) and international normalized ratio (INR). Additional non-specific 
findings include elevated cardiac enzymes, metabolic acidosis, and hypoxemia on 
arterial blood gas. Renal and hepatic dysfunction can arise in patients who survive 
amniotic fluid embolism and go on to develop multiorgan dysfunction.

Chest imaging is often normal in the earliest phases of the disease, but subse-
quently reveals diffuse bilateral alveolar infiltrates. While transthoracic or trans-
esophageal echocardiogram can be helpful in ruling out other etiologies of cardiac 
arrest, it cannot distinguish between amniotic fluid embolism and pulmonary embo-
lism, as both entities have similar findings of RV enlargement, hypokinesis, and 
bowing of the interventricular septum [7]. Depending on the stability of the patient, 
computed tomography (CT) of the chest with contrast can evaluate for the presence 
of pulmonary embolism, which is often in the differential diagnosis when amniotic 
fluid embolism is suspected. Perhaps the most helpful distinguishing factor between 
the two entities is the presence of DIC, which is seen in amniotic fluid embolism 
and not in pulmonary embolism. Other disorders that can mimic amniotic fluid 
embolism include hemorrhage from uterine atony, uterine and lower genital tract 
lacerations, retained placenta, complications of neuraxial anesthesia, anaphylactic 
shock, venous air embolism, and cardiogenic shock from peripartum cardiomyopa-
thy or myocardinal infarction.

In an attempt to standardize diagnosis, reporting, and research efforts, the Society 
of Maternal-Fetal Medicine (SMFM) and the Amniotic Fluid Embolism Foundation 
proposed four diagnostic criteria, all of which must be met [16]:

• Sudden onset of cardiopulmonary arrest or hypotension (systolic blood pressure 
<90  mmHg) with respiratory compromise (defined as dyspnea, cyanosis, or 
peripheral oxygen saturation <90% breathing ambient air)
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• DIC, using the following scoring system, modified for pregnancy, where a score 
of ≥3 is consistent with DIC:
 – Platelet count >100,000 = 0 points, <100,000 = 1 point, <50,000 = 2 points
 – Prolonged PT or INR <25% increase = 0 points, 25–50% increase = 1 point, 

>50% increase = 20 points
 – Fibrinogen level >200 mg/dl = 0 points, <200 mg/dl = 1 point

• Clinical onset during labor, or within 30 min of placental delivery
• Absence of fever during labor (>38 °C)

36.6  Management

Effective management of amniotic fluid embolism requires the coordinated delivery 
of supportive care by a multidisciplinary team consisting of maternal-fetal medi-
cine, anesthesia, and critical care physicians in addition to respiratory therapists and 
nurses. Treatment is largely supportive and based on maintaining cardiac output and 
oxygenation while correcting the underlying coagulopathy.

When indicated, cardiopulmonary resuscitation (CPR) should be performed. 
Advanced cardiac life support (ACLS) guidelines should be followed. There are no 
modifications for a pregnant patient, and the administration of epinephrine, amioda-
rone, and defibrillation should be performed when indicated. However, there are a 
few unique features of cardiac arrest in a pregnant patient that are worth highlight-
ing: manual lateral displacement of the uterus can help relieve aortocaval compres-
sion and improve hemodynamics in patients who have not yet delivered, and 
establishing intravenous access above the level of the diaphragm can improve drug 
delivery. If the patient is still pregnant with a viable fetus, a perimortem Cesarean 
section should be performed within 4 min.

Intubation and mechanical ventilation are often required. It should be noted that 
the pregnant and post-partum airway can be challenging secondary to edema and 
hyperemia of the upper airway mucosa, decreased functional residual capacity, and 
increased oxygen consumption leading to a lower tolerance of apnea, and an 
increased aspiration risk. Intubation should be performed by an experienced pro-
vider with multiple backup options available [17].

In patients with DIC, treatment of coagulopathy even without frank hemorrhage 
is warranted given the high risk of bleeding. Common transfusion thresholds include 
administering platelets if the platelet count is <50,000, administering fresh frozen 
plasma (FFP) if the PT or activated partial thromboplastin time (aPTT) are pro-
longed, and administering cryoprecipitate if the fibrinogen is <200  mg/dl.  For 
patients with hemorrhage, activation of the massive transfusion protocol is often 
indicated.

For refractory cases of amniotic fluid embolism, the use of veno-arterial extrapo-
real membrane oxygenation (VA-ECMO) has been described in case reports, despite 
the extremely high bleeding risk in this population [18–22]. In nearly all cases, 
patients required use of a massive transfusion protocol. The majority of patients 
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required hemostatic procedures such as arterial embolization or surgeries such as 
hysterectomy, often returning to the operating room multiple times for control of 
intra-abdominal bleeding. The average time on VA-ECMO was 4 days, and in all 
cases an upfront anticoagulation-free strategy was used [18]. Despite the high mor-
bidity attributed to hemorrhage, 70% of patients survived, providing an argument 
that amniotic fluid embolism and severe DIC should not be considered an absolute 
contraindication to the use of VA-ECMO.

36.7  Conclusion

Amniotic fluid embolism is a catastrophic complication of labor and delivery whose 
pathogenesis is still poorly understood. As a rare entity without a specific diagnostic 
test or treatment, management is challenging. Familiarity with this condition and 
the prompt delivery of coordinated supportive care by obstetricians and intensivists 
is essential in obtaining optimal outcomes.
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37Remote Telehealth Aid During 
Humanitarian Crisis

J. A. Yelon, S. Subramanian, and L. J. Kaplan

37.1  Introduction

Disasters may be natural or manmade [1]. Natural disasters include weather-related 
events, such as earthquakes, volcanic eruptions, and hurricane-driven flooding. 
Manmade disasters include mass shootings, violent extremism, CBRNE (chemical, 
biologic, nuclear, radiologic and explosive) events, and humanitarian crises related 
to military conflict or war [2]. Whether natural or manmade, both have the potential 
to overwhelm local, regional, or national resources. Accordingly, external aid may 
be required to meet basic health needs, address infrastructure, or deliver supplies 
including food, water, and medical therapeutics. Military aid may be required to 
restore civil order or protect aid workers and their supplies.

External aid may flow from different sources including, but not limited to, bor-
dering or remote countries, non-governmental organizations (NGOs), medical pro-
fessional organizations (MPOs), healthcare centers with their own teams, as well as 
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well-intentioned independent medical personnel or private individuals who may 
have had prior military medic or combatant training. In-country team member 
safety and team security is assumed to be uncertain during active events such as 
violent extremism, government unrest, or warfare. Therefore, deploying indepen-
dent healthcare teams to active warzones, as well as sites potentially impacted by 
military weaponry or combatant teams may be quite ill-advised. Nonetheless, 
healthcare professionals and others evidence a strong desire to help those in crisis 
[3]. One potentially viable option is remote aid when cognitive assistance as well as 
materiel sourcing may be of benefit.

37.2  Methods of Remote Healthcare

In many ways, remote healthcare has become synonymous with telemedicine. 
Particularly during the severe acute respiratory syndrome coronavirus 2 (SARS- 
CoV- 2) pandemic, telemedicine has arisen as a viable means to monitor patient care 
when hospitalization is not required, convalescence after acute inpatient care or 
emergency department (ED) management, and wound healing when care was ren-
dered far from the site of residence [4]. Telemedicine has blossomed in military 
experience by providing military role-2 (limited resources military medical facility 
from which frontline care units transfer patients for damage-control interventions 
and stabilization for eventual evacuation) consultative services. A form of telemedi-
cine, telecritical care, blossomed during the SARS-CoV-2 pandemic because of a 
host of interwoven factors [5]. Local facilities were unable to transfer SARS-CoV-2 
patients due to patient surge at more complex facilities; transfer was often limited to 
those who needed extracorporeal membrane oxygenation (ECMO) rescue, or post- 
injury care. In the USA, only half of all acute care facilities are staffed with intensiv-
ists, leaving unstaffed facilities in need of cognitive aid. As hospitals ran out of 
licensed beds, novel care spaces were developed and were often staffed with non- 
intensivists and non-intensive care unit (ICU) nurses, and non-ICU respiratory ther-
apists and PharmDs using a tiered staffing approach [6]. Finally, remote evaluation 
of the need for transfer to a more complex facility leveraged telecritical care in the 
ED and inpatient spaces for patients suffering stroke and injury. Often, consultation 
was accompanied by education as well.

37.3  Methods of Remote Education and Communication

When in-person meetings and travel for MPO educational offerings were halted 
during the SARS-CoV-2 pandemic, remote learning leveraged rapidly with plat-
forms developing including CISCO WebEx, Go-To-Meeting, Microsoft TEAMS, 
ZOOM, Apple FaceTime, as well as the video features of Facebook Live, and 
WhatsApp. Notably, platforms such as Twitter and self-assembled, often specialty 
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focused WhatsApp groups shared emerging medical news and science across coun-
tries, helping crystallize a truly global medical community. Digital platforms were 
also used for in-hospital consultation when non-essential clinicians were sheltered 
at home, especially in settings where a telecritical care system was already embed-
ded. Similarly, those platforms were used for family meetings when visitation was 
suspended, an approach that allowed participants to see facial expressions that 
would have been concealed by a facemask and partly obscured by a faceshield [7]. 
Many platforms support multiple users, real-time video, screen sharing, and record-
ing features. MPOs commonly used ZOOM and Teams for committee work and 
yearly educational congresses during SARS-CoV-2 pandemic years 1 and 2. 
Furthermore, telementoring during operative procedures also benefitted from the 
rapid growth of digital platforms [8].

37.4  Opportunities for Improvement with Remote Platforms

Using digital platforms to link remote parties requires all participants to use the 
same version. Depending on the specific needs being met, the display differences 
between desktop and handheld mobile device versions may be insurmountable (e.g., 
large volume of text, determining who wants to speak). Some platforms occasion-
ally suffer from cross-device compatibility issues. All of the platforms remain sub-
ject to internet access and accessible bandwidth. For example, as schools moved to 
virtual education early in the pandemic, several platforms being used for telework, 
or telemedicine applications suffered repeated failures as a reflection of network 
overload. Moreover, session length may be subject to the license purchased, driving 
the need for creative scheduling to accommodate needs. Sessions may be readily 
recorded (with participant concordance) and repeatedly viewed, but are devoid of 
preplanned analytics (numbers of participants, poll data, time devoted to a specific 
activity, etc.). Furthermore, when used for telemedicine or telecritical care support, 
the data reviewed and recommendations generated do not easily integrate into the 
patient’s existing electronic health record (EHR).

The desire to integrate the data from the recording, or the recording itself, in a 
seamless fashion remains elusive; incorporation as a non-searchable external doc-
ument is currently achievable and not within all EHRs. Therefore, bidirectional 
data flow is not able to be met by any of the existing digital platforms, all of which 
would need to conform to Fast Healthcare Interoperability Resources (FHIR) 
interoperability standards as articulated by Health Level 7 (HL7), a standards 
development organization—standards which they were not designed to meet as 
their current use is an adaptation to an unforeseen healthcare need [9, 10]. FHIR 
standards are designed to facilitate the accurate and rapid exchange of clinical or 
administrative data to occur across different EHRs. Despite these limitations, 
digital platforms remain a viable option for providing remote aid during a human-
itarian crisis.
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37.5  Remote Aid During a Humanitarian Crisis

Regardless of the selected platform, digital linkage will need to find a mutually 
agreeable time to link parties across disparate time zones. This approach works well 
for planned conferences to discuss specific patients, review their care, and plan 
future care. Any of the conferencing solutions can meet this need. Groups will also 
benefit from establishing a roster of individuals who are willing to be available on- 
demand for impromptu consultation. This kind of linkage may occur across a con-
ferencing platform, but may be more conveniently achieved across an app such as 
WhatsAPP that supports telephone conversation, face-to-face video calling, or text- 
based discourse for less critical exchanges.

A needs assessment is essential to match requested or desired aid with deploy-
able resources including clinician specialties. For example, ‘trauma surgery’ in 
parts of the European Union may mean orthopedic surgery as opposed to what it 
means in the USA—a general surgeon trained in injury care and critical care. 
Additionally, translation between English and other languages may be required to 
facilitate aid. Desired aid may span five main domains: cognitive information 
(person- to-person), decision-making, care sequencing, technical advice, and pub-
lished material (operative atlases, resource guides, textbooks, or other curated peer- 
reviewed literature). Providing informational material may be straightforward, 
especially with the prevalence of open access publications, as well as on-line texts. 
Rendering clinical care aid requires different approaches. Finally, cybersecurity 
concerns should be addressed, particularly when dealing with governmental entities.

37.5.1  Approaches to Providing Remote Aid During 
a Humanitarian Crisis

The easiest approach is voice communication by wired or wireless telephone. This 
option limits face-to-face discourse, enforces a limit on multi-person input, and 
precludes visual cues—an element that may be useful in addressing some differ-
ences between low-context and high-context cultures. Digital platforms may there-
fore offer specific advantages over voice only communication. Existing platforms 
have been previously mentioned and can clearly link participants, regardless of dis-
tance, for planned or impromptu discussion. However, all of them would benefit 
from a secure portal for data input for consultative team review ahead of that discus-
sion. Such information may include deidentified patient information including 
images (radiologic and other) and may be shared across repositories such as 
Dropbox or a similar portal. Regardless of how that data is made available for the 
consultative team, current approaches do not support routine data analysis of 
uploaded information. Doing so requires a separate database and data entry person 
or persons. Data analysis is key to track major issues, follow a patient’s clinical 
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course, and to perform interim and summative assessments of the impact of guid-
ance on outcome, resource utilization, and the scope of consultation.

All platforms rely on stable internet access—a foundation that is uniquely sub-
ject to infrastructure destruction during disasters of short (earthquake) or long dura-
tion (war) [11]. Relatedly, when the internet link is unstable, the platform will be 
unable to be effectively used during active interfacility transport, or during evacua-
tion from a Role 1 facility, a battlefield, or the site of explosion-induced building 
collapse [12]. If the platform is linked to a desktop, it may be unable to be effec-
tively used for intra-op consultation. Moreover, care suggestions must be separately 
recorded by those requesting consultation using a program (or paper) as the plat-
form does not provide a mechanism for recording and then exporting such informa-
tion. Additionally, the success of consultation with one team may lead to scope 
creep, further making it quite difficult to capture the breadth of consultative work 
and its impact on patient care. Unsurprisingly, multiple teams may desire consulta-
tion in the same time frame based on their facility workflow and their time zone. 
These competing sessions articulate the need for more than one consultative team 
leader, an individual who may ideally be the Chief Medical Officer—especially 
when they can help with consultation—and not only administrative needs or 
resource allocation. An alternative approach that offers more functionality may 
enhance rendering remote aid.

During the height of the SARS-CoV-2 pandemic, several technology companies 
worked with the US Army Telemedicine and Advanced Technology Research 
Center (TATRC) to develop a stand-alone acute telecritical care platform [13]. The 
driving need for such an approach was the lack of uniform intensivist coverage 
across US acute care facilities, as well as the dearth of intensivists in Indian Health 
Service facilities. This program is termed the National Emergency TeleCritical Care 
Network (NETCCN). Its key features include that it is a stand-alone cloud-hosted 
program and app that is compliant with the Health Insurance Portability and 
Accountability Act (HIPPA). It demonstrates a double encrypted security feature as 
a minimum software requirement. The NETCCN app is handheld device-friendly 
with deployable tablet and desktop applications. Most importantly, it is an EHR 
agnostic method of providing critical care consultation to an ICU team. Clinical 
data may be readily captured for concomitant or retrospective analysis. An opera-
tional dashboard for tracking system level operational metrics and clinician effi-
ciency supports data analysis. From a human factors perspective, there are specific 
spaces for uploading physiologic, laboratory, radiology data, and photos as well as 
entering progress notes paralleling common EHR domains (Fig. 37.1). Therefore, 
built-in workflows used by clinicians for routine care establish minimum training 
requirements. Digital video capture supports 1:1 connectivity for intraoperative 
consultation, as well as built-in ‘teams’ functionality allowing multiple disciplines 
to collaborate in care delivery. Finally, there is a section for individual patient fol-
low- up in a fashion asynchronous from the initial consultation.
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Fig. 37.1 The National Emergency TeleCritical Care Network (NETCCN) telemedicine applica-
tion. This screenshot depicts the unique features of the working NETCCN app by Omnicure. 
Reproduced with permission from Omnicure Inc.; replication of content in print or otherwise is 
unlawful and subject to legal penalties

37.5.2  Barriers to NETCCN Telemedicine Application Adaptation 
for Remote Humanitarian Aid

The NETCCN telemedicine App was not initially planned for multiple people (>6) 
online at once, but this capability is already under development. As it was initially 
designed for US use with English-language speaking users, it is not loaded for 
translation across multiple languages. While programs exist, there is a financial cost 
to them—a cost that is avoidable with live translation. Downloading the app requires 
enabling country specific downloading by the app owner—a quite minor barrier. 
However, a major consideration is the need to implement geofencing for operational 
security for patients and clinicians during a humanitarian crisis. Additionally, the 
use of such applications in the European Union requires compliance with the 
General Data Protection Regulation (GDPR), which can impact rapid technology 
deployment.

37.6  Providing Materiel Aid

Both MPO and healthcare institutions or healthcare systems may seek to send sup-
plies or devices to a disaster site. It is essential to accurately understand precisely 
what those at the disaster location need and can use, compared to what might be 
available to send. Often basic supplies, including the kind that were in short supply 
during the pandemic, are essential as their transport for regular resupply may be 
disrupted. Alternative means of transportation such as humanitarian aid agency- 
supported delivery may be required. Accordingly, having an aid organization, and a 
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Fig. 37.2 Key team members for providing remote aid. This graphic depicts essential, but not all, 
team members involved in rendering remote aid. Admin administration, IT information technology

point person who serves as a liaison to help coordinate outreach and delivery is key 
(Fig. 37.2). Specific devices may also be important including additional ambulances 
or radiology imaging equipment. These are more costly, and an individual facility in 
or near a disaster zone may not have access to government funds to purchase what 
they need. Generous donations, including those from healthcare technology or 
device corporations, help address this gap.

37.7  Patient Sharing

When the care needed by a specific patient, or group of patients—such as those with 
burn injury—cannot be provided in local facilities, there is an opportunity for inter-
national rescue [14]. The World Health Organization has some pathways to facili-
tate the evacuation of unique patients to accepting facilities in other countries [15]. 
Similar arrangements may be crafted by an institution engaged in rendering remote 
aid. This kind of patient sharing may clearly identify the destination facility, but will 
not identify that facility as one that is providing remote consultative aid. Issues in 
repatriation, financial remuneration for care, rehabilitation, and more are outside of 
the scope of this chapter but highlight that international patient sharing is a vast 
endeavor.

37.8  Operational Security Issues

Operational security issues may be quite different in the aftermath of a natural disaster 
as opposed to a manmade one such as military conflict or war. In a natural disaster 
there is no or little need to avoid geolocation but there is always a need for cybersecu-
rity. During a manmade disaster such as a military conflict or war there is a strong 
imperative to foil geolocation and to ensure effective cybersecurity [16]. Furthermore, 
an additional layer of security is required to preserve the identity of: (1) those reaching 
out for non-national aid, (2) the care facility, (3) patients, and (4) clinician family 
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members. Clinicians should be assigned code names or numbers, and patients may be 
sequentially numbered as well. A Virtual Private Network (VPN) should be routinely 
used to access the internet or other communication services.

Similar imperatives may be important for those providing consultation as well—
a non-intuitive thought as clinicians commonly provide consultation as part of their 
workflow. Consultant facility information technology (IT) involvement is necessary 
to preserve network integrity. Some may wish to investigate the value of such con-
sultative services—and then share those results in a medial professional organiza-
tion venue followed by journal publication. It is imperative to avoid presentation or 
publication of potentially identifying data until after military conflict or war ceases. 
Some clinicians may also desire to travel to the disaster or crisis site to provide on- 
site aid. Such travel generally may require multi-level clearance including but not 
limited to the originating and host facilities, the traveler’s government, and the 
disaster location’s government. The individual’s personal risk is high and should be 
evaluated in the context of a threat matrix [3]. Resources required for complex or 
even basic care may be depleted or absent; individual transportation of sufficient 
resources is not a viable approach based upon logistics, space, or cost. Since physi-
cal fitness is not an employment criteria for most hospital-based clinicians, indi-
vidual or team physical fitness for austere environments may be lacking [17].

Individual travel places the clinician outside of the bounds of an official govern-
ment or military asset. Therefore, official aid through embassy resources may be 
non-existent—especially if the embassy assets have already been evacuated. 
Therefore, safety and security issues abound and drive the need for contingency 
planning including evacuation, exfiltration, and potentially rescue. It is important to 
recall that highly trained clinicians from a remote country may be viewed as a high- 
value hostage and may be targeted for kidnapping as a means of exerting political 
pressure (especially if the travel is shared across accessible venues such as social 
media). Finally, one must beware of rendering advanced aid for which post- 
intervention resources may not exist (e.g., providing limb amputations in a setting 
where prostheses, rehabilitation, and ramp-based building access are not present) 
[18]. Despite the need for substantial operational security, there are a host of desir-
able outgrowths of remote aid collaborations that may come to fruition after the 
disaster has been resolved.

37.9  Potentially Desirable Outcomes

Certainly, scholarly investigations of tracked data provide an analysis and potential 
roadmap for future undertakings. More powerful is the opportunity for transnational 
and transcontinental collaboration enhancing education, clinician training (includ-
ing exchange programs and fellowships), career advancement opportunities, and the 
development of a visiting scholar program. Regardless, perhaps the most impactful 
is participating in the reconstruction and reconfiguration of the infrastructure for 
local healthcare capability—an essential element of local regrowth after disaster- 
based destruction [19, 20].
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37.10  Medical-Legal Considerations

Remote aid provides consultation, not direct medical or surgical care. As such, there 
are virtually no medical-legal considerations to address. Individuals who travel to 
disaster sites outside of an organizational structure engender many medical-legal 
concerns. Providing direct patient care outside of one’s native country generally 
requires an appropriate license, or a waiver to needing that license, in order to 
engage in medical or surgical interventions. Failing to secure suitable permission to 
practice in another country generally leaves one individually liable for that care as 
unlicensed care in a non-native country typically falls outside of the boundaries of 
professional liability coverage. NGOs have pathways to navigate these consider-
ations, and invited military members are covered by their armed forces policies. 
Since travel to a disaster zone may lead to personal injury, specific medical care 
coverage that also embraces medical evacuation is essential; many medical travel 
health insurance policies often cover in situ care including road traffic accidents but 
not transnational medical evacuation [3, 21]. Therefore, during protracted disasters 
such as war, remote aid is a particularly attractive approach to rendering humani-
tarian aid.

37.11  Conclusion

Remote aid during a humanitarian crisis is feasible and there are a variety of digital 
platforms that help individuals or teams to achieve that goal. Many of those plat-
forms are currently integrated into social interactions as well as the business of 
medicine and medical professional organizations. The evolution and repurposing of 
existing telemedicine technology approaches that are clinical-friendly may offer 
significant advantages compared to current digital platforms but come at a small 
financial and large time cost. Time spent in reprogramming and reconfiguration may 
be substantial. Embedding translation programming that can work across multiple 
languages—as opposed to being purpose-built for two languages—is not yet stan-
dard. Every approach to rendering remote aid must embrace operational security for 
those providing as well as those receiving aid. In-person aid is a high-risk activity 
and benefits from specific planning and preparation that is quite challenging and 
may be insurmountable for an independent individual. There are a host of potential 
benefits to rendering remote aid that support and enhance local facilities that may 
blossom once the humanitarian crisis has been resolved.
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38Boarding in the Emergency Department: 
Challenges and Success Strategies 
to Mitigate the Current Crisis

H. Bailey

38.1  Introduction

Despite having life-threatening conditions that require critical care management, 
many patients remain in the emergency department (ED) for extended lengths of 
time. This process is termed ‘boarding’ and leaves the ‘admitted’ patient in an out-
patient setting despite being critically ill. Moreover, this system issue either makes 
ED clinicians responsible for the critically ill or injured patient while managing 
other ED patients, or forces inpatient teams to manage patients in a remote fashion. 
Since neither situation is ideal—and may be unsafe—ED patient boarding unsur-
prisingly correlates with longer total length of stay, increasing staff stress, worsened 
burnout symptoms, and untoward patient outcomes including mortality [1, 2]. 
Unfortunately, boarding is not a new issue and it appears to be worsening [3]. 
Indeed, the coronavirus disease 2019 (COVID-19) pandemic has highlighted these 
longstanding issues and challenges and has underscored maladaptive processes, 
within and external to the hospital, that drive boarding [4]. It is essential to under-
stand modifiable aspects of hospital practice to help address patient volume that is 
related to healthcare issues external to the acute care facility including regionaliza-
tion induced reduced access to care [3, 5]. This chapter will explore the drivers and 
impact of boarding patients in the ED as well as potential repair strategies for the 
ED and hospital to improve patient flow and outcome.
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38.2  ED Boarding Versus ED Crowding

Since ED boarding refers to patients who are awaiting admission to the hospital but 
for whom there are no in-patient beds available, the term is a misnomer—such 
patients have an identified alternate destination. Instead, ED crowding (or over-
crowding) is a broader term that encompasses the total volume of ED patients 
including those awaiting: (1) initial evaluation, (2) completion of ongoing care prior 
to discharge, and (3) transport to their inpatient destination [6]. EDs are commonly 
evaluated using metrics that assess the timeliness of care. Therefore, in an attempt 
to rapidly assess and treat all presenting patients, patients are commonly evaluated 
and treated in diverse locations including traditional rooms, triage areas, and 
increasingly, hallways. The use of non-traditional care areas is anticipated to lead to 
increased staff stress that is exacerbated by staffing shortages [7]. Such stress may 
be expressed as fatigue, increased burnout symptoms, moral distress, and ultimately 
departure from the ED or healthcare entirely. Therefore, regardless of the term that 
is used, both boarding and crowding are symptoms of larger system issues.

38.3  Drivers of Boarding

ED patient boarding is driven by processes external to the hospital as well as local 
dynamics within the hospital (Fig. 38.1). EDs are increasingly used for primary care 
as well as the sequelae of lack of routine health maintenance. As small facilities 
close—an event hastened by the pandemic in some locales—access to care is more 
difficult. Regionalization has intensified the relocation of high intensity services to 
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specific sites, many of which are urban. Routine health maintenance is also chal-
lenging to obtain for those who cross borders illegally, migrants, refugees, the 
unemployed, and those who have not engaged in national healthplans (where avail-
able). Therefore, EDs often serve as a site of last resort for routine as well as acute 
conditions [8, 9]. Accordingly, there has been an increase in the number of patients 
presenting to an ED by 25% in the last decade [10]. EDs are also the victims of 
complex care success in that patients may live longer despite complex comorbid 
disease (e.g., multivisceral solid organ transplantation, advanced malignancy care 
using chimeric antigen receptor T cells [CAR-T] therapy and the like). This has led 
to an increased severity of illness in patients presenting to the ED, most of whom 
will require inpatient admission to manage disease progression or care complica-
tions. To wit, patients requiring admission to an intensive care unit (ICU) from the 
ED have increased by 80% in the last decade [10, 11]. This need has led to an 
increased ED length of stay (LOS) that may range from 6 h to several days. Patients 
may await the discharge of a patient from the bed to which they have been assigned, 
or there may be an available bed that cannot be staffed.

The mismatch between the demand for hospital services and the facility’s ability 
to deliver them has been termed hospital disequilibrium. In many ways, disequilib-
rium represents ‘normal’ ED operation as patients continuously present for care in 
numbers that exceed available ED beds or evaluation spaces, some of which are 
occupied by patients awaiting an inpatient bed. Exacerbating this disequilibrium is 
the common practice of inpatient discharge principally during daytime hours. Acute 
care unit discharges that await daytime hours to occur also impede ICU transfers to 
the acute care unit when occupancy is high; both delays contribute to ED crowding 
[12]. The processes related to inpatient discharge and intrafacility transfer create 
inherent delays as well.

Inpatients being discharged to home must have discharge orders and outpatient 
medications entered into the electronic health record (EHR); delays related to 
trainee order entry in teaching facilities are common, especially at the start of the 
academic year. Required equipment must be secured when required, and transporta-
tion must be arranged whether by commercial service or private vehicle. The pro-
cess is quite similar for those being transferred to another facility for ongoing care, 
but is also subject to bed availability at the receiving facility, and generally does not 
engage private vehicle transportation. Finally, room disinfection and restocking are 
required prior to accepting a patient into that specific location—a process that may 
be prolonged when patients have high consequence infections such as with severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [13]. Each of these inter-
linked elements impacts a facility’s occupancy throughout each 24 h cycle.

The higher the hospital occupancy, the longer the anticipated time for patients to 
reach their inpatient bed. A hospital occupancy of 80% generally begins to impact 
ED LOS, making boarding more likely especially for the critically ill [14]. Pre- 
pandemic, high occupancy was often a problem for tertiary and quaternary referral 
centers. During the pandemic, community, rural as well as critical access facilities 
also demonstrated high occupancy as transfers to complex centers were problem-
atic. As the pandemic recedes, smaller facilities continue to be impacted by the need 
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to transfer patients to referral centers. Physician staffing in smaller facilities com-
monly occurs as a single physician. Dividing that physician’s attention between all 
of the patients who need acute care, discharge from the ED, admission to the facil-
ity, and transfer to another location is challenging and impedes focused care [15].

Delay in transferring patients out of the ICU leads to admission delay from the ED 
or transfer in from outside facilities. This kind of delay is often related to the lack of 
an available acute care unit bed to which the patient may be moved, or the lack of a 
bed at a less complex facility such as a rehabilitation center. ICU discharge delay aug-
ments strain in that facility’s ED as well as EDs in referring facilities. A recent study 
found that 12.8% of total ICU days, at a cost of 34 million US dollars (6.4% total ICU 
dollars spent), were attributed to patients waiting for transfer out of the ICU [16]. 
Importantly, delayed ICU transfer is increasingly common and may have adverse 
impact on patients [14, 16]. Patients awaiting transfer continue to be exposed to ICU 
stressors including, but not limited to, noise (alarms, routine care, emergencies) and 
disrupted sleep, which may contribute to acute sequelae such as delirium, or long term 
sequalae such as the post-intensive care syndrome (PICS). In response to ICU dis-
charge delay, and to avoid overwhelming the ICU team if they are not limited to geo-
graphic coverage, some systems transfer care responsibility to a non-ICU team. 
Unless the ICU nursing team is well acquainted with this process, it may be unclear 
who they should contact for ongoing care issues for patients awaiting transfer when 
responsibility has been shifted to a non-ICU team. This approach seems intuitively 
attractive, but if not well executed, may contribute to care delays, especially since the 
responsible physician care team is remote from the patient and nurse [14].

High acuity ICUs are most commonly located in high acuity centers that serve as 
regional centers of excellence that provide complex care. Based upon the need for 
specific specialists, de facto regionalization often typifies care for injury, cardiac and 
vascular care, neurologic care (stroke, aneurysm, malignancy), and transplantation 
(solid and liquid organ). These centers serve as rescue sites for the rest of the hospitals 
in their region—unless they are also overwhelmed and on ‘diversion’. These specialty 
patients frequently require advanced therapy, such as angioembolization, complex 
surgical intervention, and of course, critical care. Transplants centers also support pre-
transplant patients with critical illness, some of whom require extracorporeal support 
techniques to manage organ failure while awaiting donor organ availability. Patients 
that require prolonged ICU LOS contribute to the lack of acute bed availability and 
notably include those with chronic critical illness [17]. The consequences of ED 
boarding impact all aspects of hospital operations, but most importantly, patients.

38.4  Impact of Boarding

When critically ill patients board in the ED, the usual processes that guide care 
towards recovery may be derailed. These processes include timely administration of 
therapeutic agents, adherence to institutional protocols or national care guidelines 
as ED clinicians must manage the entirety of the ED’s patients, not just those with 
critical illness awaiting an inpatient bed. Relatedly, most ED clinicians do not 
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engage in an inpatient practice, further distancing them from usual inpatient care 
practices. Moreover, consultation by specialty services, such as case management, 
physical therapy or occupational therapy, as well as therapeutic visitation by family 
is often absent or quite limited while patients are boarding. ED boarding of criti-
cally ill patients increases their overall hospital LOS and correlates with increased 
mortality [18]. After approximately 6 h of waiting for an ICU bed in the ED, criti-
cally ill patient mortality increases with ED boarding time serving as an indepen-
dent risk factor for mortality [10, 19]. After 6 h, the number needed to harm is 1 in 
82 patients for increased 30 day mortality. After 8 h, the number needed to harm 
reduces to 1  in 72 patients [20]. In large patient volume EDs these numbers are 
frequently reached in less than 24 h. Non-critically ill patients may be impacted as 
well, manifested as delays to diagnosis and treatment as ED clinicians remain 
engaged with boarding patients [21].

Importantly, the effects on staff, from physicians to nurses, is essential to explore. 
Boarding of critically ill or injured patients creates durable stress when it occurs on 
a regular basis. Moreover, that stress, and the perceived inequitable distribution of 
resources and access to specialized care ties to moral distress as well. In combina-
tion, high acuity, excess volume, and boarding is likely to exacerbate burnout syn-
drome as well as departure from healthcare [22]. The ED as a site of high burnout 
syndrome prevalence predates the pandemic and has been exacerbated by the sharp 
rise in firearm violence that seems to be persistent in many locations [23, 24]. Like 
burnout syndrome, in large part, boarding reflects system issues that are potentially 
modifiable.

38.5  System Barriers that Enable Boarding

It is imperative to identify the barriers to smooth patient flow that are unique to each 
aspect of the acute care health system since those barriers inadvertently enable board-
ing. Major barriers may be found in each of the following seven areas: ED, elective 
admission process, operating room (OR) schedule, ICUs, acute care units, out of hos-
pital transfers, and the inpatient discharge process. In the ED, patient volume, espe-
cially around predictable events, should be met with appropriate staffing. A surge plan 
should be articulated to address excess patient volume that occurs in an unanticipated 
fashion. Since the ED is routinely assessed for care timeliness (arrival, evaluation, 
admission or discharge decision, therapy initiation, and time to departure), it is a key 
location from which to garner data to begin to explore barriers [25]. The hospital 
admission process should be reviewed as elective admissions for out-of-OR as well as 
OR procedure patients generally receive top priority in securing an inpatient bed. 
Critical care units may also have issues with boarding of patients whose acuity status 
has improved but remain in the ICU because of lack of inpatient bed availability. Less 
common is an unwillingness by the ICU team to transfer to the acute care floor. 
Instead, the admitting team (principally for surgical patients) may be opposed to 
transfer out of the ICU. This conflict needs to have a system-based resolution pathway 
so it does not rely on individual intervention. For a patient to move onto an acute care 
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unit, nursing hand-off is required. Patients can be ‘pushed’ to those units (a less effec-
tive approach), or they may be ‘pulled’ by the receiving unit (much more effective and 
benefits from an incentive plan) [5, 14, 25]. With regard to discharge, the acute care 
unit staff may have trouble securing discharge orders, or the necessary supplies, medi-
cation, or transportation required for timely discharge. These delays are also mitigat-
able using systems-based approaches that are individual agnostic. For tertiary or 
quaternary referral centers, there is a constant stream of patients for whom transfer 
from another hospital is requested. A transfer center and direct attending-to-attending 
discourse is of immense aid in determining the urgency of transfer [15, 26]. During 
times of high occupancy, arbitration by a senior clinical administrator such as the 
Chief Medical Officer may be required—as occurred during SARS-CoV-2 patient 
surges in many facilities. Exploring these processes for opportunities for improve-
ment will help craft a comprehensive approach to improving patient throughput and 
reducing ED boarding [5, 14].

38.6  Potential Repair Strategies

ED boarding has been a problem for decades. Accordingly, some healthcare sys-
tems have developed approaches besides improving patient flow processes to 
address boarding [5] (Fig. 38.2). One approach is to create a resuscitative care unit 
(RCU) in or adjacent to the ED to serve as an alternative critical care site while 
awaiting an inpatient bed. RCUs may function as typical ICUs (i.e., ED ICU), or 
they may have a more focused scope of capability. An ED ICU provides the full 
scope of critical care management within a dedicated space and with dedicated 
staff; trauma patients are not typically managed in this kind of unit as injury care 
benefits from a specifically focused ICU staff [18, 27]. Directed care may be imple-
mented by an intensivist at the bedside or led by a clinician via telecritical care [27, 
28]. Both ED ICUs and the utilization of telecritical care improves outcomes and 
reduces mortality in critically ill patients that are not yet assigned to a traditional 
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• Physician in triage
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• Facilitated hospital discharge

• Resuscitative Care Unit

• Physician bed leader

• TeleCritical Care

• TeleCritical Care

• Transfer agreements

• Focused education

High-volume
Resource Replete

Fig. 38.2 Potential ED boarding repair strategies
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critical care bed [3, 10, 28]. Some RCU patients may resolve their ICU needs within 
24 h (e.g., patients with diabetic ketoacidosis), while others continue receiving criti-
cal care until an inpatient ICU bed becomes available (e.g., severe community 
acquired pneumonia with acute respiratory failure) [18, 27]. A less intense type of 
RCU is an ICU observation unit. This RCU also has a dedicated space and team and 
may continue resuscitation, but is unable to deliver advanced care such as continu-
ous renal replacement therapy (CRRT) or mechanical circulatory support. This kind 
of RCU offloads ED clinicians from managing critically ill patients while they await 
an inpatient bed. A third type of RCU is known as a rapid diagnosis unit. This unit 
is a temporary flex unit that is intended to expand ED capacity during periods of 
patient surge such as a disaster (or the recent pandemic) but is not an ICU [3, 10, 29, 
30]. Linking all of the ICUs across a single healthcare system into a coordinated 
entity defines a critical care organization (CCO).

CCOs function as a collaborative in that they share similar protocols, guidelines, 
and in general, standardized equipment and medication profiles. However, the value 
of a CCO when there is patient surge, is that patients may be moved between institu-
tions that are capable of rendering the required care. This function is known as “load 
balancing”. CCOs also aid in apportioning incoming transfer patients across the 
entire system and not just a single institution. The emphasis of the CCO is on value- 
based care with the patient at the center of the structure, not the institution [31]. 
CCOs are led by an intensivist who interfaces with ICU leadership across all of the 
integrated ICUs, a position that fosters communication.

Relatedly, a facility bed leader who is typically a physician can interface with the 
admissions office, the transfer center, and the ED to help ensure appropriate patient 
admission, transfer, and bedding. Creating such a role favorably impacts ED LOS 
and reduces time to admission [32]. This individual may have key roles in utiliza-
tion management and quality improvement committees for the acute care facility as 
well. A daily bed leader is more commonly found in large systems. In smaller hos-
pitals, including those that serve as critical access facilities, other approaches are 
more fruitful.

Three approaches may be useful for smaller facilities: transfer agreements, affili-
ation with a larger hospital system, and telemedicine. It is imperative that transfer 
agreements are in place to assist clinicians who must transfer critically ill patients 
to a more complex facility regardless of time of day or patients’ ability to pay. 
Joining an established hospital network as an affiliated site aids in transfer and repa-
triation of patients after their acute needs have been met. In-network transfers are 
readily accepted unless the receiving facility is operating in crisis mode. Even when 
the complex care facility is operating in crisis mode—such as during sequential 
waves of the pandemic—telemedicine consultation can help guide care at outlying 
facilities [15, 33]. Critical care guidance (telecritical care), stroke assessment and 
management (tele-stroke), and post-injury care have benefited from remote guid-
ance by specialists [34]. The SARS-CoV-2 pandemic ably demonstrated that clini-
cians of all parent specialties may benefit from specific education regarding 
critical care.
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38.7  Clinician and Team Education

Regardless of their discipline, clinicians needed to help care for those with critical 
illness during the pandemic. Often, non-ICU clinicians (physicians, nurses, respira-
tory therapists, pharmacists, and others) needed to help care for patients in novel 
ICUs under the supervision of skilled critical care professionals. This approach is 
known as the tiered staffing model and is useful during disasters as well [35]. In 
order to help non-ICU clinicians function well in that role, a variety of focused criti-
cal care educational resources were developed and deployed by major medical pro-
fessional organizations as well as individual healthcare facilities [35, 36]. While 
useful during the pandemic, these educational training events underscore the oppor-
tunity to enhance critical care education as a routine. Such an approach would influ-
ence training curricula for every healthcare specialty and would take years to come 
to fruition. Importantly, enhanced residency exposure to critical care only serves to 
establish a foundation upon which time-sensitive training may be layered as needed 
[30]. Regular reinforcement of core critical care concepts, including those focused 
on recognition of critical illness and resuscitation, would aid in skill and knowledge 
retention. The goal of such training is to improve every clinician’s ability to partici-
pate in critical care. Specifically, it would enhance ED clinicians’ ability to provide 
more complex care in a seamless fashion for those who continue to board in the ED 
while awaiting an inpatient ICU bed. Regardless of the intensity of such training, it 
would not serve as a substitute for established fellowship training in critical care 
medicine. Those undertaking fellowship benefit from developing both system man-
agement and leadership skills—two key non-medical skills.

Devoting additional time during critical care medicine fellowship training to 
disaster management would enhance the intensivist’s ability to lead during disas-
ters, and help ICU team members to understand and fulfill their roles within a disas-
ter command structure [37, 38]. This kind of education and training is essential to 
effectively deploy and manage novel ICUs or during a disaster response, but also 
has implications for ED boarding of critically ill patients—an undesirable event that 
may be viewed as a continual crisis in a global fashion.

38.8  Conclusion

ED boarding of patients reflects system issues with patient flow. Patients with criti-
cal illness who board in the ED are at high risk for untoward outcomes. Boarding 
creates stress for ED clinicians of all disciplines and contributes to burnout symp-
toms that may adversely impact the available workforce. System-based approaches 
to mitigating boarding are applicable to every facility, but deployable countermea-
sures will vary based upon facility complexity. Enhancing ED clinician critical care 
training will help improve the care of those who board in the ED while awaiting an 
inpatient ICU bed.
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39Post-Intensive Care Syndrome Revisited 
in Light of the COVID-19 Pandemic

K. Kotfis, K. Lechowicz, and W. Dąbrowski

39.1  Introduction

The last 100 years have been characterized by numerous important discoveries in 
almost every field of life. These have involved advances within the medical field, 
including clinical (e.g., the discoveries of causes and treatments for diseases), phar-
macological (new drugs and therapies), and technical (e.g., ventilators, advanced 
monitoring, dialysis equipment). The developments in medicine and improvement 
in the public’s knowledge about health-promoting measures have contributed to a 
significant increase in life expectancy with new challenges that we, as physicians, 
must be ready for. The older age of our patients means an increased number of 
chronic diseases, multimorbidity, and prolonged convalescence due to reduced 
physiological capacity.

Each year, millions of critically ill patients are treated in intensive care units 
(ICUs) around the world, at least a third of whom require support for multiple 
organ functions [1]. The current state of knowledge has resulted in a growing 
population of so-called ‘ICU survivors’, i.e., patients who have survived critical 
illness through support in the ICU thus who have survived diseases that until 
recently were considered incurable. This is undoubtedly a significant success 
story, which should be closely monitored by follow-up care after hospitaliza-
tion. After discharge from the ICU, many patients experience multilevel health 
problems that many clinicians not used to providing ICU care are unaware of. 

K. Kotfis (*) · K. Lechowicz 
Department of Anesthesiology, Intensive Therapy and Acute Intoxications, Pomeranian 
Medical University in Szczecin, Szczecin, Poland
e-mail: katarzyna.kotfis@pum.edu.pl 

W. Dąbrowski 
Department of Anaesthesiology and Intensive Care, Medical University of Lublin,  
Lublin, Poland

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
J.-L. Vincent (ed.), Annual Update in Intensive Care and Emergency Medicine 2023, 
Annual Update in Intensive Care and Emergency Medicine, 
https://doi.org/10.1007/978-3-031-23005-9_39

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-23005-9_39&domain=pdf
mailto:katarzyna.kotfis@pum.edu.pl
https://doi.org/10.1007/978-3-031-23005-9_39


534

This problem has been brought to light by coronavirus disease 2019 (COVID-19), 
with many ‘non-intensivist’ physicians coming into contact with severely ill 
patients, whose chronic diseases have been destabilized by the severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection.

39.2  Definition and Epidemiology

In 2012, a panel of experts from the Society of Critical Care Medicine (SCCM) 
described the consequences of an ICU stay, including cognitive impairment, mental 
state disorders, and impaired physical capacity after leaving the unit, as the post- 
intensive care syndrome (PICS) [2]. This definition has contributed to considering 
the critically ill patient not only through their experience in the ICU, but in a longer 
term perspective that includes preparing the patient to reach a similar functioning 
level to that prior to the critical illness.

These long-term limitations in physical, mental, cognitive, and social zones 
affect up to 50% of patients who leave the ICU and are considered ‘cured’ [3]. 
Up to 40% of patients have generalized cognitive impairment, and in 26% of 
them the symptoms correspond to a mild form of Alzheimer’s disease 3 months 
after leaving the ICU. After one year, these deficits decreased to 34% and 24%, 
respectively [3]. It has also been shown that a longer duration of severe state 
was independently associated with a worse prognosis [4]. The prevalence of 
depression, anxiety, or post-traumatic stress disorder (PTSD) ranges from 13 to 
60%, and physical impairment (e.g., acquired muscle weakness, impaired lung 
spirometry volumes, and diffusion capacity) occurs in up to 40% of ICU survi-
vors [3].

Mental disorders occurring due to a patient’s treatment in the ICU can also 
affect family members and others close to the patient. This is due to the constant 
stress, anxiety, and concern about their condition, both during the illness itself 
and after death or discharge from the hospital, which is called post-intensive 
care syndrome-family (PICS-F). It has been shown that symptoms of stress, 
anxiety, or depression can be observed in up to 30% of family members of 
patients treated in the ICU [4].

The problems defined by PICS and its classical definition have recently been 
challenged due to numerous publications describing a wider range of complica-
tions of the ICU stay, expanding the concept of PICS as defined by the 
SCCM.  Rousseau et  al. proposed to broaden the current definition of PICS to 
include new components (i.e., osteopenia, chronic pain, sleep disorders, chronic 
fatigue, vulnerability, metabolic disorders, osteopenia, and endocrine dysfunc-
tion) along with contributing factors (i.e., baseline health and functional status, 
ICU-related factors, post-ICU condition, and care) and consequences (i.e., social 
problems, reduced health-related quality of life, increased costs, including read-
missions to the ICU and the hospital) [5], as shown in Table 39.1.
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Table 39.1 Disorders included in post-intensive care syndrome (PICS) [3, 5]

Post-intensive care 
syndrome Type of disturbance
PICS (Patient)
Adaptation disorders Changes associated with new or worsened impairment

Deterioration in sense of one’s own health (feelings of fragility)
Changes in lifestyle

Psychological disorders Anxiety (acute stress syndrome)
PTSD
Depression
Fear/constant sense of danger
Sleep disorders (insomnia, nightmares)
Irritability
Sexual dysfunction

Cognitive impairments Memory disorders
Attention and concentration disorders
Visual-spatial disorder
Slowing down of speed of thought processes
Executive function disorder
Dementia worsening
Disorders of the senses (sensing and interpretation)

Physical problems Weakening of the respiratory system (pulmonary complications)
Neuromuscular disorders (ICU-AW, muscle atrophy, neuropathy)
A sense of exhaustion
Pain
Loss of weight
Loss of appetite
Dependence on other people

Failed social construction Social isolation
Deterioration of interpersonal relationships
Deterioration of relationships within the family
Financial problems (increased employment problems, 
rehabilitation costs)
Altered personality and opinions

PICS-F (Family)
Mental health Anxiety (acute stress syndrome)

PTSD
Depression
Grief

Economic and social 
problems

Increased patient care costs
Reduction in working time, unemployment
Decreased social contact

PTSD post-traumatic stress disorder, ICU-AW intensive care unit-acquired weakness

39.3  Association with Functional Outcome

It has been suggested that there is a relationship between the various components of 
PICS, with impairment of one function exacerbating impairment of another [6].

39 Post-Intensive Care Syndrome Revisited in Light of the COVID-19 Pandemic
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39.3.1  Cognitive Impairment

Cognitive impairment after critical illness in the ICU presents with variable severity. 
Mild changes may manifest as minor difficulties in performing complex tasks, 
while severe changes contribute to an inability to perform daily activities necessary 
for independent living. Several areas can be distinguished in which PICS plays an 
important role: attention and concentration, memory, speed of logical thinking, and 
executive functions [7]. Most often, impaired memory function contributes to 
impaired daily functioning and compliance with post-discharge instructions (e.g., 
keeping up with medication or medical appointments), further delaying full recov-
ery. Cognitive impairment can reach the level of mild dementia up to 6 months after 
ICU discharge. Patients are characterized by impaired social and occupational func-
tion, difficulty performing mental tasks such as managing household finances, or 
multidimensional tasks like driving, among others [8].

Communication difficulties are also often observed in patients undergoing reha-
bilitation, making diagnosis more difficult and worsening treatment options for 
these disorders [9]. Cognitive impairment often remains undiagnosed due to com-
munication difficulties in these patients, as well as low public awareness and low 
availability of formal diagnostic tests for dementia outside of specialized neurologi-
cal rehabilitation facilities [10].

39.3.2  Psychiatric Symptoms

Mental disorders that remain after treatment in the ICU, which primarily include 
anxiety, depression, and PTSD, often cause disability, and impair the quality of life 
for both patients and family members [6]. The most frequent symptoms are irritabil-
ity, restlessness, fatigue, appetite disorders, sleep problems (mainly insomnia), and 
alcohol abuse after returning home [11]. Depression combined with cognitive disor-
ders also takes a toll on patients and their families financially. The SUPPORT study 
(The Study to Understand Prognoses and Preferences for Outcomes and Risks of 
Treatment) showed that about 30% of patients were unable to return to work after 
ICU treatment, and 20% of family members had to stop their own work to care for 
the patient or use professional medical care for an average of 17.4  h per week, 
which significantly affected the household budget [12]. Additionally, it may contrib-
ute to the avoidance of visits to healthcare professionals, which further delays the 
diagnosis and exacerbates the disorder.

39.3.3  Physical Impairment

Muscle weakness (ICU-acquired weakness) often occurs in ICU patients, and is 
the cause of decreased mobility, multiple falls, and even quadriplegia [13]. 
Muscle atrophy and disorders of the nature of myopathy or polyneuropathy have 
a multifactorial basis and affect all, not just patients who remained immobile for 
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a longer time. In addition, muscle regeneration may also be reduced in these 
patients due to the reduced number of progenitor cells in patients after ICU 
treatment. These symptoms often interfere with daily living activities (ability to 
take medications independently and perform household chores), and necessitate 
months of rehabilitation, especially when accompanied by contractures, malnu-
trition, or impaired respiratory function [14]. Contractures are a relatively com-
mon complication, occurring at a rate of 34% in patients staying in the ICU for 
14 days or longer [15].

The causes of PICS for each patient may be different. Table  39.2 lists the 
known risk factors for each component of PICS. Some authors note that this list 
of symptoms should be expanded to include numerous other complications that 
are observed after an ICU stay. These additionally include accelerated loss of 
bone mass and increased risk of fractures, swallowing disorders, endocrine and 
metabolic disorders (including newly diagnosed diabetes mellitus), and hormonal 
changes, as well as the presence of chronic pain syndromes not only of nocicep-
tive but also neuropathic origin.

Table 39.2 Risk factors for each component of post-intensive care syndrome (PICS)

Symptom Risk factor
Neuropathy, Myopathy Hyperglycemia

Systemic inflammatory response
Sepsis
Multi-organ failure

Muscle weakness Steroid therapy
Acquired diseases in the ICU
Advanced age
Lung damage
Weakness before admission

Depression Traumatic memories
Psychiatric symptoms at discharge
Weakening of physical functions

PTSD Excessive sedation
ICU delirium

Anxiety disorders Unemployment
Duration of mechanical ventilation
Female
Younger age
Lower level of education

Cognitive impairments Lower intelligence quotient (IQ)
Delirium
Excessive sedation
Hypoxia
Carbohydrate metabolism disorders
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538

39.4  Diagnostics

The diagnosis and recognition of PICS is one of the biggest challenges of modern 
critical care. In clinical practice, the tests used to identify the elements of PICS 
syndrome are not routinely performed, often leaving the syndrome unrecognized 
and underreported [7]. Testing patients for PICS is not common practice. According 
to SCCM recommendations aimed at detecting PICS in the year 2020, patients 
should be evaluated for cognitive, psychiatric, and physical impairment, not only at 
the end of treatment (2–4  weeks after ICU stay) but throughout hospitalization, 
which will allow for early detection of progressive changes and modifications to 
prevent worsening of impairment [16, 17].

Every patient should undergo a clinical evaluation and formal screening tests to 
detect cognitive deficits. Currently, there is no ideal tool for assessing long-term 
cognitive impairment [18]. Nevertheless, the MoCA scale (Montreal Cognitive 
Assessment), which is a validated test used to identify executive abilities often lack-
ing in ICU patients, has been shown to have good efficacy in detecting mild cogni-
tive impairment [19]. Screening should also be performed to identify depression, 
anxiety, or PTSD [20, 21]. The SCCM recommends the use of the Hospital Anxiety 
and Depression Scale (HADS) and the Impact of Event Scale-Revised (PTSD) to 
assess psychiatric disorders, and the 6-min walk and/or the EuroQol-5D-5L, health- 
related quality of life measure to assess physical capacity. Interactions during the 
ICU stay are important in the patient’s physical assessment. To provide holistic care 
a specialized team of physiotherapists with extensive ICU experience should be 
involved in patient care to assess skeletal dysfunction and the presence of muscular 
atrophy. A similar assessment should be performed on every patient after leaving 
the hospital and during rehabilitation in the outpatient setting, which would identify 
those most in need of support [9]. The assessment of a patient’s nutritional status is 
also of great importance as is the assessment of respiratory capacity, which should 
be performed routinely in all ICUs. Fundamental to the diagnosis of PICS is the 
exclusion of comorbidities that may produce similar symptoms.

39.5  Interventions

The most effective strategy for limiting PICS is prevention. A package of coordi-
nated interventions has been developed to minimize the likelihood of developing 
PICS in mechanically ventilated patients, namely the ABCDEF bundle (Assessing 
Pain, Both Spontaneous Awakening and Breathing Trials, Choice of Drugs, Delirium 
Monitoring/Management, Early Exercise/Mobility, and Family Empowerment) [22, 
23] that can be enhanced by good communication and reliable handout materials 
[24]. The effectiveness of the ABCDEF bundle was confirmed in a large prospective 
study involving more than 15,000 adult ICU patients, which found that the use of 
the ABCDEF method significantly reduced the risk of death within 7 days of admis-
sion, as well as the need for mechanical ventilation, physical restraint, and the risk 
of coma, delirium, or readmission to the ICU or another ward [25].
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A correct approach to nutrition, balancing protein and caloric requirements ade-
quate to the patient’s current condition is also an important tool in the prevention of 
PICS. Inadequate dietary protein intake promotes catabolic processes and muscle 
mass reduction, which can exacerbate ICU-acquired weakness [26, 27]. Prevention 
of muscle mass loss also involves mobilizing these muscles and commencing phys-
iotherapy as soon as possible. Active exercises are appropriate to the patient’s con-
dition, and in unconscious patients, electrostimulation of muscles (EMS) contributes 
to reducing muscle atrophy and thus improves the patient’s overall condition [5].

The family plays an important role in the healing process, especially in the 
patient’s return to full function, and separation from the family and loved ones can 
have long-term consequences on critically ill patients. A recent study by Moss et al. 
in a group of 14,344 patients showed that ICU family visitation was associated with 
a decreased risk of psychiatric disorders in critically ill patients up to 1 year after 
hospital discharge [28]. While still in the ICU, the patient’s family or loved ones can 
take part in creating an ICU diary. This process involves writing a description of 
each day during the ICU stay, adding pictures and graphics, and thus reducing the 
guesswork for patients unable to recall these difficult events. The creation of ICU 
diaries that document patient experiences during critical illness has been shown to 
be effective in improving patient recovery. A recent meta-analysis showed that ICU 
diaries reduced the risk of depression and preserved the quality of life of patients 
after ICU admission, but did not seem to have any beneficial effect on the relatives 
of the patients [29]. It is not entirely certain whether their use significantly affects 
mental disorders in patients, however, studies report a significant (5 vs. 13%) reduc-
tion in the incidence of PTSD in patients [30, 31].

Multidisciplinary intensive-level patient care should not end after the patient is 
discharged from the ICU. In many countries, post-ICU in-patient and out-patient 
clinics are emerging. These facilities have been created for patients who have com-
pleted their treatment in the ICU and are geared toward helping the patients return 
to full function. Activities in such clinics include intensive rehabilitation and con-
sultation by psychiatrists and psychologists with support for cognitive abilities and 
mental problems. Such facilities are ideal for diagnosing PICS in patients; however, 
there are no established uniform guidelines for these facilities. The PRaCTICaL 
randomized trial evaluated the usefulness of these clinics through rehabilitation and 
observational follow-up visits. It showed no significant differences between the 
control groups but recommended that more weight should be given to early physical 
rehabilitation, delirium, cognitive dysfunction, and relatives in recovery from criti-
cal illness [32].

39.6  Post-Intensive Care/Post-COVID-19 Syndrome

At the end of 2019, a worldwide crisis in global medical care emerged as the 
COVID-19 pandemic. Treating patients was a significant challenge due to the 
rapidity of symptom management, lack of causal treatment, and the significant 
infectivity of the virus, which contributed to significant mortality and many 
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patients in the ICU.  The pandemic also changed the profile of patients in the 
ICU. The incidence of PICS after COVID-19 varied widely, with 28–87% of cases 
showing physical impairment, 20–57% cognitive impairment, and 6–60% mental 
health problems 1–6  months after discharge [33]. Patients diagnosed with 
COVID-19 mainly struggled with respiratory failure and acute respiratory distress 
syndrome (ARDS), requiring intubation and mechanical ventilation. In these 
patients, pain management and sedation are the cornerstones of ensuring their 
comfort. This is important, especially when using a prone position, high-pressure 
ventilation, or extracorporeal membrane oxygenation (ECMO). In addition, the 
significant risk of spreading the disease with unplanned extubation exacerbated 
the widespread use of deeper sedation [33].

The COVID-19 pandemic has increased awareness of PICS and the long-term 
impairments that survivors of critical illness often experience. The World Health 
Organization (WHO) has estimated that 10%–20% of people who have COVID will 
develop post-COVID conditions, with more than 100 associated symptoms, the 
most common being fatigue, chronic general pain, sleep disturbances, shortness of 
breath, motor or sensory dysfunction, cognitive impairment, and mental health 
symptoms. Researchers also found that 9% of people were unable to return to work 
after three months. The features of long-COVID very much resemble and overlap 
with the symptoms of PICS [34]. In addition, deterioration in physical performance 
can be observed in patients after COVID-19 compared to PICS in other diseases. 
This may be due to numerous long-term pulmonary complications, such as pulmo-
nary fibrosis, chronic respiratory failure, pulmonary thrombosis, bronchial dilata-
tion, cavitary lung disease, and spontaneous pneumothorax [35, 36].

Numerous restrictions implemented during the COVID-19 pandemic also con-
tributed to the difficult treatment and prevention of PICS in ICU patients. It was 
problematic to implement the ABCDEF bundle, which was only successful in part: 
A, 45%; B, 28%; C, 52%; D, 35%; E, 47%; and F, 16% [37]. A significant differ-
ence could be seen especially in aspects related to the family. Restrictions regarding 
family visits reduced the possibility of cooperation with the family to reduce the 
frequency of PICS and intensified the development of PICS-F [38]. These restric-
tions and the prohibition of visitation are hard to counteract. Many hospitals already 
have videoconferencing or online visits that make it possible to contact the patient 
with visiting restrictions [33].

A comparison of the incidence of PICS in patients after COVID-19 versus the ‘usual 
ICU stay’ showed that COVID-19 patients are more likely to have PICS- specific disor-
ders. Among these symptoms, the incidence of anxiety disorders and PTSD was lower 
which may be related to the different characteristics of the group. Patients at high risk 
for severe complications of COVID-19 were usually older men, which stands in contrast 
to the risk factors for PTSD, i.e., young women [39]. Patients treated in the ICU for 
COVID-19 were significantly more likely to experience episodes of delirium, which 
may be related to the invasion of neural tissue by the virus [34].

Establishing a post-hospital care system related to COVID-19 can be a major 
challenge for health systems. Treatment of ICU-related complications may require 
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the collaboration of numerous specialists, such as nurses, physiotherapists, occupa-
tional therapists, psychologists, nutritionists, and physicians. Their task will be to 
support patients in all areas of PICS, both through psychotherapy and treatment of 
psychiatric and cognitive disorders but also through rehabilitation and appropriate 
nutritional treatment. In the prevention of PICS, it is important to increase aware-
ness of the syndrome not only for the patients and their families, but for the entire 
medical community. This can contribute to the introduction of interventions that 
will not necessarily incur significant direct costs but will prevent long-term social 
costs associated with numerous complications in patients [40].

Early mobilization of COVID-19 patients appears to be an effective, though 
not entirely easy method for reducing the risk of PICS and improving the ability 
to return to normal life. Many critically ill COVID-19 patients are very weak and 
refuse to move in and out of bed or perform any form of exercise. Moreover, many 
of them require mechanical ventilation, which is often associated with the need 
for sedation to improve gas exchange. Lack of active movement can cause a vari-
ety of disorders leading to muscle wasting, myopathy, and polyneuropathy that 
prolong treatment duration and increase the risk of death during and after the 
hospital stay [41, 42]. A rapid and massive increase in the levels of pro-inflamma-
tory cytokines following infection-related inflammatory responses also impairs 
muscle activity and promotes skeletal muscle atrophy with reduced protein con-
tent and myotube diameter [43–45]. Another important mechanism leading to 
muscle weakness is direct viral infection of the muscle tissue with scattered 
necrosis of myofibers and mitochondrial abnormalities [46]. Early mobilization 
has been documented as a promising intervention to reduce muscle weakness and 
PICS [41, 47–49]. Maintenance of muscle strength correlates with an improve-
ment in functional capacity, shorter duration of mechanical ventilation or support, 
and therefore shorter length of hospital treatment [47–49]. It has been documented 
that even short periods of active muscle activity are associated with profitable 
metabolic changes and better immune response [50–52]. Importantly, skeletal 
muscle is well-recognized as an important organ producing various molecules 
with vital functions. These molecules, commonly known as myokines, are pro-
duced and secreted only during muscle activity and have been described as pep-
tides, cytokines, and growth factors [53, 54]. The level of myokines negatively 
correlates with the weakness of critically ill patients and has been proposed as a 
sensitive biomarker of frailty [54]. Even short but regular active mobilization with 
a cycle ergometer enhances recovery of functional exercise capacity, reduces the 
risk of delirium, and improves gastrointestinal function and functional status at 
the time of discharge from the ICU [50, 55]. Noteworthy, several studies have 
documented that each type of early mobilization, including with a cycle ergome-
ter, is safe, feasible, and well tolerated in critically ill patients, and endotracheal 
intubation is not a contraindication to this kind of activity (Fig. 39.1) [41, 47, 48, 
50–55]. Hence, early mobilization, defined as mobilization within 72  h after 
admission to the ICU, should be implemented as the standard treatment of criti-
cally ill patients to improve the quality of patient care.
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Fig. 39.1 Example of three mechanically ventilated patients managed with early mobilization. 
All these patients were discharged from the intensive care unit (ICU) in good clinical condition and 
none was readmitted to the ICU. Post-intensive care syndrome was not identified in any of them, 
and they all returned to normal life after discharge from the hospital. (Photos from the authors’ 
collections)

39.7  Conclusion

Recent advances within the field of critical care medicine have contributed to an 
increase in the percentage of patients who survive and are discharged from ICUs 
despite suffering from severe illness. These patients are, however, often living with 
the burden of PICS, which occurs in half of ICU survivors. PICS can have multidi-
mensional adverse effects both in patients discharged from the ICU, but also in their 
families, affecting their integrative social function. Although the syndrome has been 
widely discussed in the literature it is still inadequately diagnosed, conceptualized, 
and treated. Recently more people are suffering from long-term mental, physical, 
and cognitive dysfunction due to the consequences of the global COVID-19 pan-
demic. The quality of ICU care has been challenged during the pandemic, mainly 
through an overwhelming use of deeper sedation, inadequate physiotherapy, and 
lack of family support. All aspects of PICS can be actively treated through cognitive 
and physical exercises and psychological support, but purpose-built facilities and 
programs are necessary to support patients and their families.
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Rethinking the Role of Palliative Care 
in the ICU

M. S. F. Chong and V. Metaxa

40.1  Introduction

Being critically ill is a highly stressful experience for patients and their families, as 
they are often exposed to a multitude of intensive care interventions, whilst experi-
encing the existential fear of death in an alien environment. Despite continuing 
medical advances, mortality in the intensive care unit (ICU) remains significant, at 
approximately 16% worldwide [1]. Therefore, the transition from curative treat-
ment to care that focuses primarily on comfort is an integral part of critical care, and 
ICU doctors and nurses should have the skills to recognize and help with this transi-
tion, as well as to manage distressing symptoms and support families around the 
end of life [2]. After decades of focusing mainly on technical advances and mortal-
ity figures, the importance of other outcome measures, such as preserved quality of 
life, the quality of care given to those dying, and the quality of human relationships 
involved in each death are slowly being recognized [3].

Concerns about delayed identification of dying, inadequate symptom manage-
ment, and poor communication with families have been reported in the ICU, nega-
tively influencing patient comfort, family trust, and satisfaction [4, 5]. The 
application of palliative care values in ICU practice has been proposed as an answer 
to these concerns, a holistic approach, and a way of improving the quality of care 
given to critically ill patients and their families [6]. Nonetheless, the integration of 
palliative care in the ICU has not been without barriers, not least because the inter-
ventions that constitute palliative care in the critical care setting and the outcomes 
that should be measured remain nebulous [7]. Furthermore, there is significant 
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variation in the advanced integration of palliative care across hospitals in the world, 
with only 20 countries achieving this globally (8.5%) [8].

In this chapter, we will discuss the definition, barriers, and models of palliative 
care services in the ICU. We will explore primary palliative care skills with which 
all ICU clinicians should be familiar, as well as indications for advanced specialty 
palliative care referral. Last, we will identify gaps in current knowledge and propose 
an agenda for future research.

40.2  Definition

Palliative care is an active and holistic approach for patients with terminal illness 
and their families, from the point of diagnosis or recognition, through to death and 
beyond. The word ‘palliative’ is derived from Latin palliare meaning ‘to cloak’. 
Pain, dyspnea, and emotional stresses are eased while death approaches from seri-
ous illness. The aim is to maximize the quality of life not only by effective symptom 
management, but also by psychological and spiritual support of the affected patients 
and those close to them. It requires a multidisciplinary approach, from which the 
expertise of general physicians, oncologists, surgeons, nursing staff, physiothera-
pists and religious advisors are pooled and utilized.

Palliative care is linked with the modern hospice movement and Dame Cicely 
Sunders, who founded St Christopher’s Hospice in London in 1967 [9]. She 
developed a modern approach to the care of the dying, drawing attention to the 
end-of- life care needs of patients with advanced malignant disease. She intro-
duced the idea of ‘total pain’, which included the physical, emotional, social, 
and spiritual dimensions of distress. Palliative care was first recognized as a 
separate medical specialty in the UK in 1987, dedicated to relieving suffering 
and improving quality of life for patients with life-limiting illness. Access to 
palliative care has grown globally, however, this specialist care is not ubiquitous 
throughout the world [8].

The meaning of palliative care has evolved over time. The term originally 
referred to the care of patients with terminal diseases, which in the early days pre-
dominantly meant cancer. It now refers to the care of patients with serious, life- 
limiting, usually chronic illnesses, whether or not they are imminently dying. The 
World Health Organization (WHO) defines palliative care as “an approach that 
improves the quality of life of patients and their families who are facing problems 
associated with life-threatening illness. It prevents and relieves suffering through 
the early identification, correct assessment and treatment of pain and other prob-
lems, whether physical, psychosocial or spiritual” [10]. Palliative care medicine is 
applied as early as possible to patients with active, progressive, far advanced dis-
ease, for whom the prognosis is limited and the focus of care is on quality of life 
rather than the prolongation of death.
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40.3  Barriers to Palliative Care in the ICU

In the ICU, death often occurs after an acute life-threatening illness or an exacerba-
tion of chronic life-limiting illness. The majority of these deaths occur after there 
is a decision to withdraw or withhold treatment [11]. Frequently, treatment with-
drawal in critical care is associated with ethical issues that can make the process 
challenging and is subject to great variability between individual physicians, 
departments, and geographical areas [12]. The supportive net offered by palliative 
care could be a valuable resource in the management of terminally ill patients in 
the ICU, an essential component of comprehensive care, regardless of age, diagno-
sis, or prognosis [2]. Despite these assertions, there are ongoing challenges for 
optimal integration of palliative care in ICU settings, due to both individual and 
organizational factors.

Some of the key barriers for this integration are associated with the acute nature 
of critical illness and the historical link between palliative services and imminent 
death. It is frequent for patients and families to have unrealistic expectations regard-
ing ICU outcomes and express concerns that incorporation of palliative care will 
hasten death [13]. The conflation of palliative with end-of-life care is long-lasting 
and tantamount to the misconception that palliative and critical care are mutually 
exclusive or sequential rather than being complementary and concurrent approaches.

The most prominent ICU clinician-related barriers to primary palliative care are 
linked with the insufficient training invested in relevant communication skills for 
palliative care conversations. Relaying the transition from curative to comfort care 
to the patient and their family requires communication and relational training, 
which when lacking, can make this process challenging [14]. Organizational fac-
tors, such as inadequate staffing levels and/or high patient acuity result in competing 
demands on clinicians’ time, who tend to prioritize interventions for patients likely 
to recover, rather than communication about, education around, and management of 
a dying patient [15, 16]. In specialist settings, such as surgical or oncological ICUs, 
challenges may arise from the special relationship formed between primary physi-
cians and ‘their’ patients. The strong sense of personal responsibility for patient 
outcomes and the emotional attachment that is formed lead to difficulty in commu-
nication with patients and families about poor outcomes, and sometimes conflict 
with intensive care physicians about goals of care [17, 18].

On a global scale, there is a recognized insufficient access to palliative care, as 
only 14% of people who need palliative care currently receive it worldwide [9]. 
According to a WHO survey, funding for palliative care was available in 68% of 
countries and only 40% of countries reported that the services reached at least half 
of patients in need. Some health system policies do not integrate palliative care 
services into the structure and financing of national healthcare systems at all levels 
of care. Many people in low- and middle-income countries do not have sufficient 
access to opioid analgesics for the relief of pain and respiratory distress [19].
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40.4  Models of Palliative Care

There are two main ways by which palliative care could be integrated into the 
ICU. First is the consultative model, which focuses on increasing the involvement 
of specialist palliative care consultants in the care of ICU patients and their families, 
as external consultants. Many initiatives using this model identify triggering criteria 
as indications for palliative care referral, such as baseline patient characteristics 
(age, functional dependence, length of stay) or clinical diagnosis (global cerebral 
ischemia, post-cardiac arrest, severe brain injury) [20]. Following the referral, a pal-
liative care consultant and often an advanced practice nurse provide a comprehen-
sive ICU palliative care consultation. The second approach, the integrative model, 
attempts to embed palliative care principles and interventions into usual ICU care, 
delivered by the critical care team as part of their daily practice for all patients and 
families facing critical illness. A combination of the two approaches is described as 
a mixed model.

The choice between the two models depends on the culture of individual ICUs 
and whether they are receptive to external consultation, but also on the availability 
of the palliative care team. In order to provide comprehensive care, the specialist 
palliative care team should have adequate staffing levels for 24/7 provision, under-
standing of the unique nature of ICU patients and their families, and possess skills 
to address them. Their expertise and substantial resources, as well as the continuity 
that they may provide in the care of the patient discharged from the ICU are invalu-
able. On the other hand, the integrative model requires the endorsement of its value 
by all critical care stakeholders, a continuous commitment to education and train-
ing, as well as incorporation of palliative care-related data into the unit’s perfor-
mance indicators. However, the very nature of ICU care includes the majority of 
palliative care values and critical care staff take pride in delivering the same kind of 
holistic care. Integration will ensure that optimal palliative care is delivered along-
side active treatment by personnel that already care for the patient and their family, 
and understand the complicated environment of critical care.

Models to enhance palliative care involvement in the ICU, either with an integra-
tive or a consultative approach, may not be mutually exclusive but rather allow vari-
able degrees of overlap. Furthermore, while the delivery of palliative care for 
patients with critical illness has been associated with improvement in ICU and hos-
pital metrics, the effectiveness of either palliative care model on outcome measures 
has been variable and difficult to demonstrate consistently [21]. In a recent system-
atic review, the consultative model appeared to have a more significant impact on 
reducing ICU length of stay and was associated with a greater number of decisions 
for limitations of life-sustaining treatment and do-not-attempt cardiopulmonary 
resuscitation (CPR) orders; however, nurse satisfaction appeared greater after inte-
grative interventions [7]. Given the inherent challenges in each approach, a sustain-
able mode of delivery requires a mixed model, in which primary palliative care is 
delivered by the ICU team with concurrent, appropriate use of the consultative 
model, and palliative care consultants are reserved for patients at highest risk of 
having unmet or long-term palliative care needs [22].
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40.5  Primary (Generalist) Palliative Care

Primary palliative care is provided by clinicians who have not undergone specialty 
training in palliative care but provide front-line care to patients. The core competen-
cies in palliative care should be a component of the armamentarium of any intensiv-
ist, just as knowledge in cardiology, neurology, or microbiology is. The key palliative 
care interventions, which all ICU clinicians should demonstrate competency in, are: 
(1) communication skills, (2) ethical decision-making (including conflict manage-
ment and redirecting goals of care), (3) symptom management, (4) advance care 
planning, and (5) bereavement care.

Communication skills are an essential component of critical care practice and 
extend beyond simple information exchange, as the majority of ICU patients are 
unable to participate in direct conversation. Critical care staff often require the 
involvement of the patient’s family and/or friends to understand their values and 
wishes, especially around the end of life. Inadequate communication with physi-
cians is frequently observed and leads to feelings of dissatisfaction, anxiety, and 
depression for families, as well as increased risk of conflict and burnout for clini-
cians [5]. Critical care providers should prepare meetings with families as they 
would organize any other invasive medical task, verifying the most important data 
and ensuring that their own values do not interfere in the relationship with patient’s 
relatives [23]. Structured approaches to family conferences, such as the use of the 
VALUE mnemonic (Table 40.1), are recommended by international societies, as a 
guide for effective and empathetic family communication [24]. Given the evidence 
demonstrating the importance patients and families place on high-quality commu-
nication in the ICU, it is intuitive to assume that well-trained clinicians would 
improve the quality of communication in the critical care setting. Evidence confirms 
that training programs significantly improved clinician-reported communication 
skills and comfort with family communication, although no specific program was 
proven superior. The joint guidelines for family-centered care from a number of 
Critical Care Societies recommend that ICU clinicians receive relevant communica-
tion training as one element of critical care training [24].

Ethical decision-making is an unavoidable part of the critical care environment, 
where challenging life and death situations are frequent and involve multiple stake-
holders (doctors, nurses, patients, and families). Withholding and withdrawing life- 
sustaining treatment account for the majority of deaths in the ICU, so many ethical 
dilemmas arise from disagreements around redirecting the goals of care. The risks 

Table 40.1 VALUE: a 5-step mnemonic to improve communication with families in ICU

V Value comments made by the family
A Acknowledge family emotions
L Listen
U Understand the patient as a person
E Elicit family questions

Designed by University of Washington End-of-Life Care Research Program at Harborview 
Medical Center
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and benefits of intensive care interventions should always be individualized to each 
patient, taking into account their pre-morbid state, the acuity of the presenting situ-
ation and, most importantly, their views on quality of life. Decisions should be made 
by the multidisciplinary ICU team, together with patients and families, aiming to 
establish a partnership and achieve consensus. Individuals in environments charac-
terized by poor interdisciplinary interactions and poor ethical decision-making cli-
mates demonstrate higher levels of burnout and low morale, whereas patient 
outcomes and treatment decisions may be compromised [25]. Unfortunately, while 
interprofessional decision-making improves the patient and family experience, and 
reduces the risk of intractable conflict and burnout, it is often suboptimal [26, 27]. 
Conflicts surrounding end-of-life decisions may occur for a variety of reasons, 
including ethno-cultural differences, personal biases, and organizational character-
istics of critical care [27]. Lack of knowledge or education in health ethics is a com-
mon cause of ethical dilemmas and conflict occurring in the ICU. Problems arising 
from knowledge deficits could decrease considerably if professionals receive train-
ing in recognizing the emerging moral dilemmas and obtain competencies in ethical 
deliberation and decision-making.

Symptom management involves treating a wide range of symptoms that accom-
pany advanced progressive disease, aiming to improve not only the quality of life 
for patients receiving multiple interventions, but also the quality of their death. 
Specific symptoms ICU clinicians should be able to manage around the end of life 
include pain, agitation, respiratory distress, and delirium. Regarding pain manage-
ment interventions, most guidelines recommend the use of opioids and benzodiaz-
epines for symptom relief, with morphine and midazolam being the most commonly 
used medications [28]. In the ICU setting, intravenous infusions and bolus doses are 
recommended, with the alternative of using subcutaneous medications, if intrave-
nous access is not available. The doses used are generally higher than those recom-
mended in guidelines and progressively increase before the withdrawal of 
life-sustaining treatment [28]. Concerns around maximal doses and the contribution 
of analgo-sedation in shortening a patient’s life have not been supported by the lit-
erature and should not hinder attempts to alleviate symptoms during end-of-life care 
[29]. Non-physical symptoms should be recognized and addressed, with specific 
focus on the psychological, spiritual, and existential aspects of critical illness. 
Spirituality, which includes religious and existential care, has been recognized as an 
essential domain of palliative care and access to appropriate spiritual care, such as 
specific cultural or religious rituals, should be facilitated where possible. Existential 
suffering has been described as the morbid suffering relating to loss of hope, futility, 
remorse, and fear of death [30]; specialist palliative care consultation should be 
sought promptly when the limits of the critical care specialist’s experience have 
been reached [29].

Advance care planning offers people the opportunity to discuss their future care 
and support, including medical treatment, while they have the capacity to do so. It 
has been proposed as a way to promote self-determination in situations where the 
individual has lost decision-making capacity and cannot make important life and 
death decisions. Advance care plans have significant theoretical advantages, as they 
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allow patients to refuse future therapies and plan their future care, ensuring that the 
treatments they receive are consistent with their values and wishes. In the critical 
setting, they have the potential to assist intensivists in their decision-making, espe-
cially as many patients have impaired level of consciousness near the end of life. 
Despite the conceptual advantages, advance decision planning can be problematic 
in the ICU setting, as the acute nature of the injury and the speed of deterioration 
often preclude meaningful discussions [31]. However, ICU physicians can still be 
involved in other forms of forward planning, either when reviewing patients on the 
wards as part of the outreach team or by communicating the risks and benefits of 
future care options, and educating families about the anticipated clinical course of 
the illness [32].

Bereavement care is essential for supporting families through the death of a 
loved one and it is a natural part of critical care nursing in particular [33]. Evidence 
suggests that primary discrete bereavement support interventions (e.g., a personal 
memento, a handwritten condolence letter, a post-death storytelling meeting, 
research participation, and use of an ICU diary) were all well accepted by the 
bereaved families [34]. These relatively simple interventions could become part of 
standard ICU practice following a patient’s death, theoretically improving family 
experience after an often life-changing event. However, the appropriateness and 
effectiveness of different bereavement interventions have not been investigated 
extensively in the critical care setting. Although bereavement support is acknowl-
edged as an important aspect of end-of-life care in the ICU, provision is variable, 
and literature suggests that outcomes may not always be beneficial [35]. In view of 
these disparities, exploratory research to test the effectiveness of different bereave-
ment interventions is urgently needed. In the meantime, every ICU should aim to 
embed culturally appropriate, basic bereavement care in their practice, identify 
families at risk of complicated grief, and refer them to more specialist bereavement 
services if required.

40.6  Specialist (Secondary) Palliative Care

Specialty palliative care consultation is provided by qualified, subspecialty-trained 
palliative care clinicians, whose role has moved beyond the narrow scope of provid-
ing symptom management around the end of life, towards more holistic care at any 
stage of a life-limiting condition. Their skills range from managing refractory phys-
ical symptoms to conducting complex family meetings and/or navigating through 
spiritual or existential distress [36]. Their extensive training may prove valuable 
when there are communication issues between the team and with patients and fami-
lies. Specialty palliative care involvement has been shown to help with discussion 
around limitation of life-sustaining treatments, do-not-attempt CPR orders, and 
hospice referrals by facilitating in depth discussion on goals of care at end of life 
[37]. Early referral to the specialist palliative care team may also maintain continu-
ity of care after discharge from critical care, by enabling medication transition from 
ICU to ward settings and providing ongoing support for patients and families until 
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either death or hospital discharge, with appropriate handover to community ser-
vices. The palliative care team can also co-ordinate discussions regarding the pre-
ferred place of care with the patient or family, with the ability to facilitate admission 
to specialist palliative care units or even home if appropriate.

Despite estimates that a large subset of ICU patients could benefit from palliative 
care, the integration of specialist palliative care in the ICU has been extremely vari-
able, with evidence, mainly from North America, suggesting a decrease in ICU 
admissions and reduced ICU length of stay [38], but minimal data from the rest of 
the world. Several barriers have been identified hindering the involvement of the 
specialist team in daily ICU practice, including insufficient staff education about 
what palliative care specialist may add to patient care and the insufficient numbers 
of specialists to take on all aspects of palliative care in ICU [36]. In many hospitals, 
there is resistance to involving palliative care early by intensive care teams and/or 
specialty teams, as it is perceived as a sign of giving up and associated with end-of-
life care. Specialist teams are often contacted after the decision to withdrawal treat-
ment has been made, leading to a very sequential model of care, which risks 
fragmentation in patient care during a very stressful period. Last, the availability of 
trained palliative care clinicians is far from the norm in Europe, Asia, and Africa, 
where overall the development and acceptance of the palliative care discipline is 
much less than in North America [7].

In an attempt to increase the involvement of specialty palliative care consulta-
tions, recent efforts have focused on the use of screening criteria or triggers to 
prompt automated specialty palliative care consultation [39, 40]. Proposed triggers 
include predicted length of ICU stay >5 days, risk of death >25%, or potentially 
irreversible functional change precluding eventual return to home [20]. Palliative 
care involvement has also been advocated for patients over 80 years of age, with 
active stage 4 malignancy, post-cardiac arrest, or intracerebral bleed requiring 
mechanical ventilation. Despite being intuitive, these triggers have demonstrated 
good specificity but low sensitivity for predicting 6-month mortality [41]. Newer 
triggers, such as sepsis, metastatic and non-metastatic cancer, and weight loss at 
ICU admission have been proposed. However, the absence of an accepted definition 
of ‘palliative care needs’ and the lack of consensus regarding the best outcomes for 
the various trigger criteria render the identification of patients who may benefit from 
specialist palliative care input difficult.

40.7  Future Research

Integrating palliative care into critical care is advocated as a way to mitigate physi-
cal and psychological burdens for patients and their families. Despite recent studies 
that support this positive association, the evidence remains limited and unevenly 
distributed globally. Limitations have already been identified in the definition of 
what distinguishes primary palliative care (skills that all clinicians should have) 
from specialist palliative care (skills for managing more complex and difficult 
cases), which ICU interventions are also palliative care ones, and what are the 
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appropriate outcomes to measure the effectiveness of these interventions [7]. Initial 
attempts should focus on clarifying which basic elements of critical care fall under 
the umbrella of palliative care and test interventions to increase their acceptance by 
ICU clinicians. A second step should be a clear research agenda on ICU-based pal-
liative care interventions, maybe focusing on areas that have shown positive results 
(such as multi-faceted educational projects) [7]. Last, a consensus on which out-
comes have the greatest value to measure in the ICU setting, targeting the specific 
needs of the critical care patients, their families, and the staff is necessary. Larger 
studies in populations with diverse cultural and social differences will assess 
whether the use of palliative care in the ICU is not only beneficial in high income 
countries but globally.

40.8  Conclusion

Critical care-based palliative care is a holistic approach to caring for critically ill 
patients. It focuses on improving the quality of dying and death by anticipating, 
preventing, and treating physical, psychological, spiritual, and existential suffering. 
It encompasses clear and sensitive communication with families, shared decision- 
making based on patients’ values and symptom management around the end of life. 
This can be delivered by the ICU staff or specialist healthcare professionals, via a 
consultative or integrative model of palliative care. Critical care clinicians should be 
competent in primary palliative care skills, whereas specialist palliative care exper-
tise can contribute when required, with good interdisciplinary collaboration. Such a 
mixed model will empower ICU staff in the day-to-day practice and help overcome 
the important barriers, such as insufficient palliative care specialist numbers and 
intensivist hesitancy. The clarification of what constitutes ICU-delivered palliative 
care interventions, the identification and measurement of clinically important out-
comes, as well as attempts to identify a palliative care model that could be applica-
ble worldwide constitute items for future research and education.
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A
Acute heart failure, 142, 377
Acute kidney disease (AKD), 379
Acute kidney injury (AKI), 357, 377
Acute respiratory distress syndrome (ARDS), 

111, 139, 151, 168, 239, 254, 489
Acute respiratory failure, 139, 165
Adrecizumab, 62–63
Adrenomedullin, 62
Advance care planning, 554
Albumin, 361
Alkaline phosphatase, 62
Alveolar-capillary membrane, 112
Ambulation, 256
Aminoquinolone, 434
Amniotic fluid embolism (AFE), 503
Anakinra, 34
Angiotensin-converting enzyme 2 

(ACE2), 432
Angiotensin II, 59
Antibiotic stewardship, 84
Antibiotic therapy, 15
Antimicrobial resistance, 21, 83
Anxiety, 200
Apnea test, 468
Apneic interval, 181
Apneic threshold, 211
Apoptotic cell, 63
Aspiration, 181
Asynchrony, 214
Awake intubation, 185

B
Bag-mask ventilation, 181
Barotrauma, 480
Benzodiazepines, 228

Bicarbonate, 292
Biomarkers, 8, 10, 45, 71, 84, 372, 382, 505
Biotrauma, 247
Bleeding, 339
Blood purification, 53, 442
Boarding, 523
Bougie, 185
Brain death, 467
Burnout, 523, 553

C
Calprotectin, 33
Cardiac arrest, 301, 315, 505
Cardiac surgery, 377
Cardiogenic shock, 312, 378
Cardiopulmonary resuscitation (CPR), 302
Cardiorenal syndrome (CRS), 332, 377
Central nervous system (CNS), 471
Central venous pressure (CVP), 329, 358, 378
Checklists, 185
Chemical feedback, 210
Chloroquine, 433
Chronic kidney disease (CKD), 379
Circular RNAs, 6
Coagulopathy, 341
Cognitive aids, 185
Cognitive impairment, 536
Colloids, 361
Coma, 470
Continuous positive airway pressure (CPAP), 

166, 479
Coronary angiography, 306
Coronavirus disease 2019 (COVID-19), 28, 
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Corticosteroid, 146
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