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Preface 

With over 52,000 articles indexed in the PubMed NLM database for the term “Critical 
care” in the last 12 months (June 2024-June 2025), it is challenging to keep up with the 
current trends in the evolution of intensive care medicine. 

The general trend follows that of the rest of the medical fields, with a focus on 
patient-centered care and a more personalized approach to medicine. The tremen-
dous technological progress, driven by the integration of digital health, clinical 
informatics, advanced monitoring, clinical decision support systems, and artificial 
intelligence, has further enhanced the dynamic of this evolution. 

Within the framework of guidelines development, and especially in clinical thinking 
about daily clinical problems, there appears to be a struggle to adapt to a shifting land-
scape. New ethical considerations and questions arise, and the answers are anything 
but easy. 

The current IntechOpen book aims to gather and synthesize information and updates 
on selected topics in critical care. Neither the editor nor the authors have the illusion 
or the expectation that every subject in the current intensive care medicine can or 
will be covered. Still, with chapters focusing on issues like cardiogenic shock, stroke, 
lung ultrasound, sepsis-related lung injury, or brain death, the present book will 
hopefully provide valuable insights and information about contemporary care for the 
critically ill. 

Moreover, it will contribute to our better understanding of the changing environment 
in our intensive care unit. 

Theodoros Aslanidis 
Agios Pavlos General Hospital, 

Intensive Care Unit, 
Thessaloniki, Greece 
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Chapter 1

Introductory Chapter: Critical 
Thinking for Critically Ill Versus 
or with Guidelines and Artificial 
Intelligence?
Theodoros Aslanidis

1. �Critical thinking: The challenges remain

Albert Einstein once said: “In theory, theory and practice are the same. In practice,
they are not”. Medicine is an applied science: it applies knowledge of basic sciences in 
order to maintain and promote health. Thus, basic science knowledge is necessary for 
clinical practice, yet not sufficient [1]. Knowledge in a clinical setting is also gained 
by evidence-based medicine: “the conscientious, explicit and judicious use of current 
best evidence in making decisions about the care of individual patients. It means inte-
grating individual clinical expertise with the best available external clinical evidence 
from systematic research” [2].

The golden bridge between knowledge and patient outcomes, however, is critical 
thinking. Critical thinking (CrT) is defined as “purposeful self-regulatory judgment 
which results in interpretation, analysis, evaluation and inference, as well as expla-
nation of the evidential, conceptual, methodological, criteriological, or contextual 
considerations upon which that judgement is based” [3].

Especially in highly dynamic and complex settings such as intensive care units 
(ICU), critical thinking becomes essential. The latter fact is currently starting to 
shift medical training focus from clinical to critical thinking. The challenges, though, 
remain: What is the nature of critical thinking? There is no definite consensus about 
that: some use several cognitive skills [3] (such as observation, analysis, inference) 
as content of CrT. On the other hand, there is the view that CrT is a skill or a learning 
process specific to a given body of knowledge (e.g., intensive care medicine, emer-
gency medicine, oncology, etc.) [4].

How do you measure it then? Though there are a lot of critical thinking assessment 
tools (CTA) (Table 1), their application in clinical practice is limited.

Adoption of such tools in clinical settings can help us understand our thought pro-
cess, its strengths and its weaknesses, improve it and monitor our change over time.

What can you do to develop it further? There are a lot of strategies that are sug-
gested to promote CrT. Discussing biases (i.e., deviation of typical thinking process 
due to, e.g., stress or time-constraint) and de-biasing strategies—such as feedback 
and accountability, or teaching inductive reasoning are some of them [6, 7].

Furthermore, CrT is not only an individual’s skill. Team cognition, which refers to 
the relationship and interaction among ICU team members to augment their CrT in real 
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environment (also known as macrognition), is something that can be used to increase 
patient safety and transparent decision-making in multi-disciplinary teams [8].

2. �Guidelines: Critical thinking inhibitor?

However, the existence of guidelines for nearly everything seems to get in the way 
of critical thinking. Guidelines are the link between the best available evidence and 
clinical practice [9], they are recommendations that help to plan a strategy and they 
often are used as a “safety net” or even soft-law rules to judge our decisions. So, “What’s 
the point of thinking? It’s all there” [10]. Or even worse: clinicians are to blame when 
they are not following guidelines, and they are criticized for relying solely on them!

The answer about the usefulness of guidelines is paradoxically … critical thinking. 
Despite the evolution both in clinical research and guidelines development, many 
current guidelines suffer from limitations and biases, related to panel composition 
(which may not consider possible conflicts of interest), disease or population focus 
(too narrow), low or medium level of available evidence and lack of formal proce-
dures for their update [11]. As Allan S. Detsky said, “In all cases, opinions that convert 
data into recommendations require subjective judgments. Since these judgments are 
human endeavour, they naturally leave room for error and bias” [12, 13].

Besides guidelines’ documents development, guidelines application poses an addi-
tional challenge and area for critical thinking. Currently, there is no mention of how 
guidelines should be applied in clinical practice, in combination with a physician’s clini-
cal experience, in the case of a specific patient [14]. Nevertheless, experience plays a 
significant role in medical practice. Apart from that, guidelines are disease-focused and 
not patient-focused. In the era of personalized medicine, where we all accept biological 
fluidity of normality, guidelines cannot adapt to every possible scenario. There is a lot 
of research regarding overcoming implementation challenges of clinical practices in 
different settings [15] and the use of tools to evaluate usefulness of guidelines, such as 
the G-TRUST tool [16]. However, this is a dynamic process that is far from ending.

3. �Artificial intelligence: A game changer or a disruption?

Artificial intelligence (AI) and Machine Learning (ML) can enhance patient 
care and have been increasingly used in ICU settings, as an invaluable tool for data 
analysis, pattern recognition, diagnostics and therapy decisions aid [17]. Still, it is 

Watson-Glaser critical thinking appraisal 
(WGCTA)

Halpern critical thinking assessment (HCTA)

California Critical Thinking Skills Test (CCTST) The Health Science Reasoning Test (HSRT)

Cornell Critical Thinking Test (CCTT) California Critical Thinking Disposition Inventory 
(CCTDI)

Professional Judgment Rating Form (PJRF) Holistic Critical Thinking Scoring Rubric

Argumentative writing Dialog CA coding scheme

Script concordance test (SCT)

Table 1. 
Critical thinking assessment tools and methods [4, 5].
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not devoid of limitations such as data transparency, bias in database origin and model 
validation—especially in a highly dynamic environment, lack of sufficient number of 
clinical trials and experiments for safety and efficacy, lack of empathy or ethics con-
sideration, AI systems sustainability needs, limited education and understanding of 
the model input-output process by physicians, patients and even designers [18, 19].. 
And above all… it is a human product.

4. �Solution?: Skeptical medicine

No matter how good the tools that current medical progress provides us are, we 
should always keep in mind that science is an ongoing process. Critical thinking is 
the procedure that integrates and combines patient data, doctor’s knowledge, experi-
ence and motivation, recommendations from guidelines or AI systems, ethics and 
interpersonal relationships with all engaged in patient care to reach the best possible 
decision for the given framework. And even then, our decision will still be human, 
prone to error or bias. This is normal…that is the nature of medicine.
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Chapter 2

Cardiogenic Shock: 
A Phenotype-Based Approach – A 
Crucial Advancement in Tailored 
Management
Ingrid Bonilla-Mercado, Francisco Merced-Ortiz 
and Sonia I. Vicenty-Rivera

Abstract

Cardiogenic shock is a circulatory failure characterized by low cardiac output, 
leading to inadequate blood flow to organs and ultimately tissue hypoxia. Current 
definitions, pathophysiological principles, and management strategies reveal sig-
nificant knowledge gaps that must be addressed for personalized shock therapy and 
the ethical use of modern technologies and resources. Invasive hemodynamic assess-
ment has become increasingly crucial in managing cardiogenic shock, particularly in 
determining the need for acute and chronic mechanical circulatory support. Different 
phenotypes of cardiogenic shock exhibit unique hemodynamic profiles, requiring 
tailored treatment approaches. Phenotyping cardiogenic shock enables timely thera-
peutic interventions, and evaluating patients’ hemodynamic responses to therapy can 
guide decisions on whether to escalate or de-escalate treatment, including the use of 
mechanical circulatory support. Additionally, risk modifiers can enhance mortality 
risk stratification, offering a more reliable approach to patient care that goes beyond 
merely evaluating shock severity. Continuous reassessment in managing cardiogenic 
shock is crucial, as it keeps healthcare professionals engaged and proactive.

Keywords: cardiogenic shock, percutaneous coronary intervention, 
temporary mechanical circulatory support, acute MI, acute HF, cardiac critical care

1. �Introduction

Cardiogenic shock (CS) is a heterogeneous critical state characterized by reduced
cardiac output, leading to cellular tissue hypoxia due to insufficient oxygen delivery 
that fails to meet cellular metabolic needs and oxygen consumption requirements [1]. 
Therefore, this leads to insufficient tissue perfusion and subsequent organ dysfunc-
tion. CS is a complex syndrome that can arise from various etiologies, mostly known 
to be caused by acute myocardial infarction (AMI), but it could be triggered by both 
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cardiac and non-cardiac etiologies and is associated with high mortality rates. CS is 
the leading cause of morbidity and mortality in patients with cardiac diseases [1]. 
Despite significant advancements in percutaneous coronary interventions (PCI), the 
availability of temporary mechanical circulatory support (MCS), and the widespread 
acknowledgment that early revascularization is crucial for survival, the improve-
ment in acute CS mortality has been stagnant for the past 20 years since the seminal 
SHOCK (Should we emergently revascularize Occluded Coronaries for cardiogenic 
shock) trial was published [2]. This pivotal study significantly influenced our under-
standing and management of CS. The effects of shock are initially reversible but 
can quickly become irreversible, resulting in multiorgan failure (MOF) and death. 
When a patient presents with undifferentiated shock, it is essential for the clinician 
to immediately initiate therapy while rapidly identifying the etiology to ensure that 
definitive treatment can be administered to reverse shock, prevent MOF, and prevent 
death. Traditional management of CS has relied on generalized protocols that may 
not adequately address the diverse underlying pathophysiological mechanisms. CS 
management can be challenging because of heterogeneous presentation and a com-
plex hemodynamic profile. Despite novel technologies for treating shock patients, CS 
mortality remains high.

Additionally, the changes in patient demographics and comorbidities, along with 
improvements in medical therapy, have contributed to an increase in the prevalence 
of non-AMI-CS and a subsequent decline in the incidence of AMI. This shift under-
scores the need for a different focus in treatment. The change from AMI-related 
CS to other causes, such as heart failure decompensation with cardiogenic shock 
(HF-CS), right ventricular failure, valvular disease, arrhythmias, myocarditis, and 
post-cardiotomy cardiogenic shock, is significant as it reflects the evolving nature of 
CS and the need for a more comprehensive approach to treatment (Figure 1). As our 

Figure 1. 
Cardiogenic shock pathophysiology.
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understanding of CS evolves, a shift toward a phenotype-based approach promises to 
enhance patient outcomes by tailoring interventions to the specific characteristics of 
the individual patient.

2. �Epidemiology

The prevalence of CS is increasing, partly due to the aging population and the ris-
ing incidence of coronary artery disease (CAD) and heart failure. There is an increas-
ing recognition of CS occurring in non-ischemic contexts, including severe heart 
failure, myocarditis, and post-cardiac surgery. CS is the leading cause of morbidity 
and mortality in patients with cardiac diseases. It has been reported that it accounts 
for about 15% of the intensive care unit admissions, with a 30-day mortality of 
40–80%, with AMI and acute decompensated heart failure as main causative etiolo-
gies. The condition is seen in 5–10% of the patients hospitalized for AMI, 10–12% 
with ST-elevation myocardial infarction (STEMI), and in 5% of all acute decompen-
sated heart failure. Therefore, timely recognition, treatment, and stabilization are 
paramount, including decision-making for mechanical support devices and early 
revascularization strategies. Advances in medical and interventional therapies have 
changed the landscape of CS. The long-term prognosis in survivors of CS often faces 
long-term complications, including persistent heart failure and reduced quality of 
life. Discerning the epidemiology of CS is crucial for healthcare providers to identify 
at-risk populations, implement preventive measures, and develop effective treatment 
strategies.

3. �Pathophysiological changes leading to CS

Development of CS is preceded by a cascade of events that leads to myocardial 
damage and subsequent hypoperfusion. In AMI, the preceding event is typically 
an acute obstruction of a coronary artery. In contrast, in acute heart failure (AHF), 
the preceding event can arise from an acute event (de novo) or from the deteriora-
tion of chronic heart failure (Figure 1). In both scenarios, there will be decreased 
cardiac output secondary to myocardial damage, limiting the heart’s oxygen supply 
required to meet the metabolic demands, resulting in systemic hypoperfusion and 
tissue hypoxia [3]. The pathophysiology of CS involves multiple interconnected 
mechanisms that interact and may lead to clinical deterioration. As myocardial 
demand increases, an imbalance develops between oxygen supply and delivery to 
various organs, resulting in myocardial ischemia, exacerbating cardiac dysfunction. 
Compensatory mechanisms responding to reduced cardiac output can trigger exces-
sive sympathetic nervous system activation (SNS). This results in an increased heart 
rate and contractility that aims to restore cardiac output. The Renin-Angiotensin-
Aldosterone system is also activated, leading to vasoconstriction, fluid retention, 
increased blood volume, and elevated blood pressure. However, this overactivity can 
worsen fluid overload and negatively impact cardiac output. The activation of the 
SNS, along with excessive release of catecholamines such as norepinephrine and epi-
nephrine, increases heart rate and intensifies peripheral vasoconstriction to maintain 
perfusion to vital organs [4]. Nonetheless, this exaggerated activation of the SNS can 
lead to increased afterload and systemic vascular resistance, creating a detrimental 
cycle of systemic vasoconstriction, tissue hypoperfusion, and ischemia. On its own, 
9
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CS at its later stages may also trigger a systemic inflammatory response, characterized 
by reduced systemic vascular resistance and elevated cytokines, secondary to tissue 
damage. Systemic vascular resistance varies significantly among patients with acute 
myocardial infarction and cardiogenic shock (AMI-CS). It is typically near normal 
but can be inappropriately low during vasopressor administration. Mechanistic 
studies show that inducible nitric oxide synthase production and cytokine cascades 
from myocardial necrosis can lead to systemic inflammatory responses and vasodila-
tion. End-organ injuries, like ischemic hepatopathy, can also cause vasodilation even 
without myocardial ischemia. Furthermore, factors such as vasodilatory medications 
administered in the ICU and heightened infection risks can influence distributive 
physiology in CS. This may result in coronary hypoperfusion and myocardial depres-
sion, particularly in patients with prior heart conditions [5]. Multiple studies have 
also demonstrated the presence of various inflammatory cytokines, including IL-1β, 
IL-6, IL-8, TNF-α, and C-reactive protein (CRP), as well as the activation of soluble 
adhesion molecules and the complement system, during AMI-CS [6–8]. Additionally, 
the degree of inflammatory markers and lactate levels is strongly associated with the 
extent of tissue hypoperfusion and the shock duration [9–11]. Moreover, a retrospec-
tive evaluation of patients with CS who received MCS found a strong association 
between the CRP concentrations and 30-day in-hospital mortality, with elevated 
CRP levels associated with higher mortality regardless of the shock severity [9]. 
This underlying tissue ischemia and hypoxia can cause endothelial injury, leading to 
increased vascular permeability, edema, impaired circulation, gut edema with bacte-
rial translocation, and mesenteric ischemia, among the multiple possible pathologies 
associated with systemic inflammation.

4. �Cardiogenic shock clinical features and diagnostic process

The patient presenting with CS exhibits a combination of signs and symptoms 
indicative of reduced perfusion, including altered mental status, dyspnea, periph-
eral edema, orthopnea, low blood pressure or hypotension, cold and clammy 
extremities, and delayed capillary refill, among others. A heightened clinical suspi-
cion is essential, as it can significantly influence management and patient outcomes 
(Table 1). Thus, integrating clinical findings with imaging studies and laboratory 
results can enhance the assessment of a patient’s underlying perfusion status. CS 
is defined by a sustained decline in cardiac output, resulting in clinical and bio-
chemical evidence of tissue hypoperfusion. The diagnostic process begins with an 
increased clinical suspicion in patients who display signs or symptoms suggesting 

Initial evaluation (SUSPECT)

Symptoms & signs Diaphoresis, altered mental status, dyspnea, chest pain, JVD/HJR/Kussmaul, rales/
wheezes, lower extremity swelling, etc.

Urine output [12] KDIGO 1 KDIGO 2 KDIGO 3

< 30 ml/h (0.5 ml/
kg∙h) for 6 consecutive 
hours

< 30 ml/h (0.5 ml/
kg∙h) for 12 
consecutive hours

<0.3 ml/kg∙h for 24 hrs. Or 
anuria in 12 hrs

Sustained 
hypotension

SBP <90 mm Hg, MAP <65 mm Hg for>30 minutes or vasopressor need
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hypoperfusion or inadequate cardiac output unresponsive to intravascular volume 
expansion. Key clinical indicators of hypotension include a systolic blood pres-
sure (SBP) of less than 90 mmHg, a mean arterial pressure of less than 60 mmHg, 

Initial evaluation (SUSPECT)

Perfusion 
(Abnormalities in 
renal function [13], 
liver function test, 
Troponin, ABG, 
lactate level [14], 
and mixed venous 
saturation)

pH <7.2, metabolic acidosis w/ a lactic acid >2 mmol/L

Lactate ≥5 and 
pH < 7.2

Lactate ≥ 5 and 
pH > 7.2

Lactate <5 
and pH < 7.2

Lactate <5 
and ≥ pH 7.2

ALT >200 U/L or > 3× upper limit of normal

Mixed venous oxygen saturation < 50% or ∆- change in arterial saturation 20–30%

KDIGO 1 KDIGO 2 KDIGO 3

↑SCr ≥1.5–2 from 
baseline
Or
↑SCr ≥ 26 μmol/L in 
48 hrs

↑SCr ≥ 2–3 from 
baseline

↑SCr ≥ 3 from baseline
Or
↑SCr ≥ 354 μmol/L
Or
Need for RRT

ECG/ECHO (POCUS) 12-Lead ECG ECHO (POCUS)

STT elevations
STT depressions
RV STT elevations

Ventricular dysfunction (RV, 
LV, BiV)
New wall motion 
abnormalities

Congestion (physical 
evaluation or invasive 
hemodynamics)

LH-predominant BiV-predominant RV-predominant

CI < 2.2
CVP <14 mm Hg
PCWP >18 mm Hg
CVP/PWPC <0.86
PAPi >1.5
LV-CPO < 0.6
RV-CPO > 0.3

CI < 2.2
CVP >14 mm Hg
PCWP Variable
CVP/PWPC >0.86
PAPi >1.5
LV-CPO <0.6
RV-CPO Variable

CI < 2.2
CVP >14 mm Hg
PCWP <18 mmHg
CVP/PWPC >0.86
PAPi <1.5
LV-CPO Variable
RV-CPO <0.3

Triage (Shock team 
activation and/or 
transfer to higher level 
of care)

Level 3
Centers capable of 
initial CS diagnosis, 
available general 
cardiology evaluation. 
However, no PCI or 
tMCS availability.

Level 2
Centers 
with onsite 
interventional 
and general 
cardiologist and 
STEMI and/or 
PCI with tMCS 
availability
Percutaneous 
tMCS (Intra-
Aortic Balloon 
Pump (IABP) 
± LVAD ±Right 
Ventricular Assist 
Device (RVAD))

Level 2
Centers with onsite 
interventional, general 
cardiologist, critical care 
medicine and heart failure 
cardiologists
STEMI and/or PCI with tMCS 
availability
Advanced percutaneous and 
surgical tMCS

JVD: jugular vein distention; HJR: hepatojugular reflux; KDIGO: Kidney Disease Improving Global Outcomes; SCr: 
serum creatine; ALT: alanine transferase; POCUS: point of care ultrasound; CVP: central venous pressure; PCWP: 
pulmonary capillary wedge pressure; PAPi: pulmonary artery pulsatility index; LV-CPO: left ventricle cardiac power 
output; RV-CPO: right ventricle cardiac power output; PCI: percutaneous cardiac intervention; tMCD: temporary 
mechanical cardiac assist device; IABP: Intra-aortic balloon pump LVAD: left ventricular assist devise; RVAD: right 
ventricular assist devise.

Table 1. 
CS initial evaluation.
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or a drop in SBP of more than 30 mmHg from baseline for at least 30 minutes. 
Supportive management aims to maintain a 90 mmHg or higher systolic blood 
pressure. Signs such as narrow pulse pressure (less than 25% of the systolic blood 
pressure) and oliguria or anuria, with urine production below 30 mL/hour (or 
0.5 mL/kg/h), are also significant. Additionally, patients may present subtle 
clinical manifestations, such as decreased appetite, early satiety, abdominal pain, 
nausea, or vomiting, which may stem from mesenteric ischemia due to inadequate 
gastrointestinal perfusion. Supraventricular tachycardia with heart rates exceeding 
100 bpm should also raise concern as an early indication of CS.

Regarding physical findings in CS, patients will appear with classic signs and 
symptoms and new or worsening hypotension, tachypnea, and tachycardia. Most 
patients will demonstrate a combination of various physical findings, including 
distended neck veins, coolness of the skin, rales, gallop rhythm, or new heart mur-
mur on examination, and decreased volume and intensity of the distal pulses. The 
absence of pulmonary congestion at clinical evaluation does not exclude CS and is not 
associated with a better prognosis in this population. Complicating the situation, the 
SHOCK trial registry showed that up to a third of the patients failed to demonstrate 
pulmonary congestion, and 5.2% of patients were normotensive with systolic blood 
pressures above 90 mm Hg and signs of peripheral hypoperfusion. This cohort of 
patients showed similar cardiac indices, pulmonary wedge capillary pressures, and 
left ventricular ejection fractions but demonstrated increased systemic vascular resis-
tance when compared to hypotensive patients with cardiogenic shock. These findings 
defined “euvolemic CS,” underscoring the danger of relative hypotension and the pos-
sibility of hypoperfusion occurring without marked hypotension [15]. Euvolemic CS 
is commonly observed in diuretic-responsive patients with chronic heart failure (HF) 
experiencing subacute decompensation. In invasive cardiac monitoring, significantly 
low pulmonary capillary wedge pressure will be observed. This clinical presentation is 
commonly seen in up to 28% of patients with prior myocardial infarction associated 
with CS and/or chronic kidney disease. Physical evaluation findings can be variable 
and will provide insight into which ventricle is primarily involved in cardiogenic 
shock. For instance, a patient with findings suggestive of right heart failure (isolated 
hypoperfusion) can arrive with lower extremity swelling, scrotal edema, hepatomeg-
aly, increased jugular vein distention, and regurgitant murmurs in the tricuspid valve 
area. On the other hand, patients with left-heart failure findings (isolated pulmonary 
congestion) can present a lung auscultatory combination of rales/crackles/wheezes, 
displaced cardiac apex, and left-sided heart murmurs. Other patients can demon-
strate a combination of right- and left-sided heart failure findings (congestion with 
hypoperfusion) with cool extremities, cyanosis, orthopnea, and delayed capillary 
refill, better known as “Mixed-CS.”

Laboratory evaluation will substantiate the clinical findings of end-organ hypo-
perfusion through a comprehensive metabolic panel and arterial blood gases, which 
will reveal metabolic acidosis (pH < 7.2), elevated lactate levels (>2.0 mmol/L), 
elevated liver enzymes exceeding three times their upper limit, and elevated renal 
parameters. Furthermore, additional laboratory data, such as decreased serum 
sodium levels and elevated cardiac biomarkers like NT-pro-BNP or high-sensitivity 
troponin, can provide insight into an acute coronary event and clinical prognosis. 
Other laboratories that require close monitoring in these patients include CBC and 
CRP. Multiple studies have demonstrated that leukocytosis is a consequence of 
physical stress; hence, high serum catecholamine levels correlate with the degree of 
leukocytosis. Moreover, studies evaluating the utility of CRP and white blood cell 
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counts (WBC) retrospectively demonstrate that both markers are equally suitable for 
prognosis in patients with cardiogenic shock at initial stages [16, 17]. Furthermore, 
the higher the WBC count (>11.6 × 106/mL) and CRP levels, the higher the 30-day 
mortality rate from all causes, each becoming an independent predictor of all-cause 
mortality [18].

All patient signs and symptoms suggestive of shock/hypoperfusion should 
undergo a baseline 12-lead electrocardiogram to rule out the possibility of an acute 
coronary event that might warrant interventional cardiology evaluation and early 
triage by cardiac catheterization evaluation. Besides ECG, which helps diagnose 
AMI-HF, point-of-care ultrasound (POCUS) has gained popularity recently as an 
effective diagnostic modality in patients with suspected cardiogenic shock. Both will 
evaluate and exclude evidence of acute ischemia by 12-lead electrocardiographic 
changes of ST-segment elevation or echocardiographic evidence of wall motion 
abnormalities (Table 1). In the case of POCUS, it can aid in narrowing the myriad 
diagnoses that can mimic CS, such as septic shock, massive pulmonary embolism, 
cardiac tamponade, pneumothorax, severe asthma, or COPD exacerbation. POCUS 
can be used to determine the overall right and left ventricular (LV) function, presence 
of pericardial effusions, and noninvasive status. It is easily accessible at the bedside, 
providing real-time imaging and allowing serial examinations to assess dynamic 
responses to treatment. Moreover, a meta-analysis of literature reviews to assess the 
diagnostic accuracy of POCUS for each type of shock concluded that the identification 
of the etiology of each kind of shock using POCUS was characterized by high sensitiv-
ity and positive likelihood ratios, especially for obstructive shock [19]. Furthermore, 
there have been reports on POCUS’s utility in preserving cardiac function and deter-
mining the appropriate timing for weaning from ECPELLA management in patients 
with COVID-19-related myocarditis [20]. On the other hand, invasive procedures 
are not typically required early in diagnosing and managing patients with an initial 
suspicion of CS; however, they provide valuable insight into elucidating the conges-
tive profile, ventricular involvement, and differentiating among the various pheno-
types to guide treatment. Nevertheless, the utilization of complete hemodynamic data 
obtained by timely placement of PACs before MCS initiation has been associated with 
lower mortality in patients with advanced stages of CS [21].

5. �Understanding cardiogenic shock, phenotypes, and profiles

CS is an heterogenous condition that manifests through a wide array of clinical 
presentations with some key critical features: (1) Hemodynamic instability leading 
to reduced cardiac output and signs of tissue hypoperfusion (e.g., cool extremities, 
altered mental status); (2) signs and symptoms during presentation may include 
shortness of breath, chest pain, fatigue, and signs of fluid overload (e.g., edema, 
jugular venous distention); (3) high mortality rate despite aggressive management 
(e.g., inodilators, vasopressors, and temporary mechanical assist devices) mak-
ing prompt recognition and treatment crucial. Furthermore, the heterogeneous 
presentation, with diverse etiologies, severity, hemodynamic patterns, and clinical 
profiles, makes diagnosing and staging the condition challenging. Therapeutic 
options in patients with CS will depend on their comorbidities, underlying disease 
pathology, disease severity, and type of shock. Over the past two to three decades, 
significant advances have been made in revascularization strategies and the avail-
ability of temporary mechanical assist devices. Nevertheless, inpatient and 30-day 
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hospital mortality in this population has remained high. There is increasing interest 
in categorizing patients’ risk based on observable traits and clinical presentation. 
Evaluating clinical characteristics to determine phenotypes, combined with staging, 
is essential for prognostic insights, as phenotypes can be linked to different outcomes. 
Contemporary data suggest that phenotyping characterization should be based on the 
underlying etiology, CS pathophysiology, CS severity/acuity, and clinical profiles.

5.1 Phenotyping by CS etiology

The presentation of CS is heterogeneous, with multiple clinical conditions that 
lead to hemodynamic and biochemical changes that lead to tissue hypoperfusion. The 
Scientific Expert Panel from the Shock Academic Research Consortium (SHARC). 
They considered four main factors, such as the underlying cause, setting, timing of 
the event, and other considerations (e.g., ventricular predominance, hemodynamic 
subtype, post-cardiac arrest) that would affect or contribute to the clinical scenario. 
Using these parameters, they defined the etiological profiles or phenotypes into 
AMI-CS, HF-CS, secondary CS, and post-cardiotomy-CS (Figure 2). The AMI-CS 
will include patients with CS due to AMI with evidence of myocardial ischemia, 
regardless of whether it is accompanied by electrocardiographic evidence of ST eleva-
tions (STEMI vs. NSTEMI), if it complies with the Task Force Universal Definition of 
myocardial infarction. This definition will include patients developing post-myocar-
dial complications such as symptomatic bradycardias, tachyarrhythmias, mechanical 
complications, and cardiac arrest. In AMI-CS, clinical presentation and physical exam 
findings can indicate which ventricle is primarily affected (e.g., as shown in Figure 3, 
LH-CS, Mixed-CS, and RH-CS) [22].

On the other hand, the etiology of heart failure-CS (HF-CS) is related to 
myocardial dysfunction, which could be ischemic or non-ischemic in etiology. An 
event can be distinguished as a new onset versus an acute exacerbation in patients 
with chronic disease based on the patient’s baseline hemodynamic status. As in 
AMI-CS, patients with HF-CS clinical presentation and physical examination 
findings can provide clues about the ventricle that is primarily involved (e.g., 
LH-CS, Mixed-CS, and RH-CS) [22].

Figure 2. 
Cardiogenic shock phenotype by etiology.
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However, little is known about cardiogenic shock from etiologies other than 
AMI-CS. Recently, there has been a growing recognition of distinct etiologies related 
to AMI-induced cardiogenic shock, which are increasingly acknowledged in CS. 
One of these studies is the Shock Academic Research Consortium (SHARC). This 
trial evaluated 8974 patients who met shock criteria; 65% experienced CS, 17% had 
mixed shock, 12% had hypovolemic shock, and 3% had other types of shock. From 
the patients meeting the CS criteria, distinct phenotypes were observed, each dem-
onstrating unique pathophysiologic characteristics. Furthermore, these phenotypes 
included different etiologies other than acute myocardial infarction but also persistent 
left ventricular dysfunction, decompensated heart failure, and shock secondary to 
arrhythmias or valvular heart disease. In terms of inpatient hospital mortality, the 
trial demonstrated that the highest inpatient mortality was seen in mixed-CS (48%), 
followed by AMI-CS (41%), similar in de novo HF-CS (31%) and secondary CS (31%), 
with the lowest observed in acute-on-chronic HF-CS (25%) [23].

Another condition that could lead to CS is post-cardiotomy syndrome, observed 
in postoperative patients who show an inability to be weaned from cardiopulmonary 
bypass after cardiac surgery, resulting in poor perfusion and a low cardiac output 
state. Clinically, patients exhibit persistent hypotension (SBP < 90 mm Hg), cardiac 
index (CI) <2.2 L/min/m2, unresponsiveness to intravascular volume replacement, 
and signs of impaired end-organ perfusion occurring immediately or within several 
hours after cardiac surgery. This condition can occur in 0.5–1.5% of cardiac surgeries, 
with an in-hospital mortality rate of 67% [22, 24, 25].

Finally, the Shock Academy Consortium included the last category as secondary or 
non-myocardial causes of CS, encompassing many heterogeneous conditions leading 
to low-output states and poor tissue perfusion. This category includes conditions such 
as severe valvular heart disease, pericardial diseases, pulmonary hypertension with 
right ventricular failure, and ongoing refractory incessant arrhythmias not related to 
tachycardia-induced cardiomyopathy. Nevertheless, it does not include toxic (drug-
induced) or septic causes as primary drivers of CS; similarly, it excludes pulmonary 
hypertension secondary to left-sided heart failure.

Figure 3. 
Cardiogenic shock phenotype by ventricular involvement or pathophysiology.
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5.2 Phenotyping by CS hemodynamic pathophysiology

Traditionally, CS has been classified based on hemodynamic parameters, focus-
ing on measuring cardiac output and systemic vascular resistance. However, this 
approach often overlooks the underlying mechanisms contributing to the syndrome. 
For multiple years, the most widely used classification was the one created by Killip 
and Kimball for stratifying and predicting mortality after 30 days of AMI. It divided 
patients into four classes based on the clinical findings and severity of pulmonary 
congestion, presence of a third heart sound, and evidence of hypotension (SBP 
lower than 90 mm Hg) and evidence of peripheral vasoconstriction (e.g., cyanosis, 
oliguria, acute mental changes) [26]. In his cohort of patients, 32% were in class 1 (no 
pulmonary congestion or peripheral hypoperfusion), 38% were in class 2 (isolated 
pulmonary congestion), 10% were in class 3 (isolated peripheral hypoperfusion), and 
19% were in class 4 (both pulmonary congestion and hypoperfusion). Their 30-day 
mortality rate increased as the classification increased, with values of 6%, 17%, 38%, 
and 81%, respectively. Another study similarly categorizes the patient’s clinical status 
and invasive hemodynamic findings according to evidence of heart failure after an 
AMI. The patients were divided into four groups based on both pulmonary capil-
lary wedge pressure (PCWP) and cardiac index (CI). Group 1, labeled “warm-dry,” 
is characterized by CI > 2.0 L/min/m2 and PCWP <20 mmHg. Group 2, termed 
“cold-dry,” includes those with CI ≤ 2.0 L/min/m2 and PCWP <20 mmHg. Group 
3, called “warm-wet,” is defined by CI > 2.0 L/min/m2 and PCWP ≥20 mmHg. 
Finally, Group 4, known as “cold-wet,” consists of patients with CI ≤ 2.0 L/min/m2 
and PCWP ≥20 mmHg [27–29]. However, the patient’s clinical presentation can vary 
significantly, influenced by the underlying etiology, patient comorbidities, and shock 
duration. Additionally, there has been a recent recognition of the mortality associated 
with hypoperfusion, regardless of the presence of hypotension, which may be worse 
than the mortality related to isolated hypotension. In the SHOCK trial, the mortality 
among the study population varied depending on their groups, with Group A (no 
pulmonary congestion/no hypoperfusion) and B (isolated pulmonary congestion) 
showing the lowest inpatient mortality, 21% and 22%, respectively, when compared 
to groups C (isolated hypoperfusion) and D (congestion with hypoperfusion), which 
had the in-hospital mortality of 70% and 60% respectively [7, 11, 15].

However, the different etiologies leading to CS can be further subdivided as 
LV-dominant (LV-CS), RV-dominant (RV-CS), or biventricular shock (BiV-CS) based 
on clinical presentation and hemodynamic data obtained through direct pulmonary 
catheterization. By using this classification framework, each type can be treated 
optimally with different management strategies, which can ultimately improve 
perfusion (Figure 2). LV-CS is characterized by elevated PCWP, normal or reduced 
central venous pressure (CVP), and reduced LV function. On the other hand, RV-CS 
is characterized by elevated CVP, normal to low PCWP, and near-normal LV systolic 
performance. Finally, BiV-CS is characterized by elevated CVP, elevated PCWP, and 
reduced LV performance. Besides the direct PAC hemodynamic measures, there are 
other PAC-derived measures like the pulmonary artery pulsatility index (PAPi), the 
right atrial pressure, the pulmonary capillary wedge pressure ratio (CVP/PCWP 
ratio), and the cardiac power output. These measures have been instrumental in 
refining the acute management and decision-making process for the use of transient 
MCD (Table 2). The PAPi provides a hemodynamic measure of the right ventricular 
function. PAPi is derived from the formula: (systolic pulmonary arterial pres-
sure − diastolic pulmonary pressure)/right atrial pressure. It serves as a prognostic 
16



Cardiogenic Shock: A Phenotype-Based Approach – A Crucial Advancement in Tailored…
DOI: http://dx.doi.org/10.5772/intechopen.1010898

11

marker to determine the risk of all-cause mortality, major adverse cardiac events, 
and heart failure hospitalization. Additionally, it has been shown to be useful in 
predicting right ventricular failure in patients with acute inferior wall infarction and 
patients undergoing left ventricular assist device (LVAD) implant [28, 30]. Another 
PAC-derived measure is the CVP/PCWP ratio, which is also used as a clinical indica-
tor of right ventricular function. In a patient with preserved RV systolic performance, 
the CVP/PCWP ratio is 1:2; however, when RV dysfunction ensues, the RAP will start 
to rise slowly, leading to a change in the 1:2 ratio, suggesting progressive dysfunc-
tion [31]. An increased CVP/PWCP is associated with reduced RV performance 
and higher pulmonary vascular resistance, thus leading to adverse outcomes [32]. 
Furthermore, it has also been associated with impaired renal function and can be 
used as a preoperative predictor surrogate to determine postoperative outcomes in 
patients with advanced heart failure referred for left ventricular assist device (LVAD) 
implant [33]. Lastly, the cardiac power output (CPO) and cardiac output index (CPI) 
are crucial hemodynamic parameters used in the management of patients with CS. 
They reflect the hydraulic energy delivered by the ventricles. The LV-CPO is derived 

PAC-derived hemodynamic parameters

Systemic Vascular Resistance 
(SVR)
SVR = (MAP-CVP)/(CO*80)

•	 Normal range: 800–1200 dyne-s/
cm5.

Pulmonary Vascular 
Resistance (PVR)
PVR = 80(mPAP-PCWP)/
(CO)

•	 Normal range: 24–160 dyne-sec/
cm5.

•	 Normal range: 0.3–2.0 Wood 
units (=PVR/80).

Pulmonary artery pulsatility 
index
PAPi = (PA pulse pressure)/
CVP

•	 Provides a more specific 
measure for RV dysfunction 
than the ratio of filling pressures 
(CVP/PCWP >0.86).

•	 A strong predictor of severe RV 
failure after MI.

•	 A potential indicator of benefit 
from right ventricular support.

•	 Normal PAPi is >2.

•	 PAPi of 1–2 is worrisome.

•	 PAPi <0.9 Overt RV failure.

CVP/PCWP •	 Provides an idea of RV function. •	 CVP ≈ ½PCWP (normal CVP/
PCWP ratio < 0.5).

•	 CVP/PCWP >0.6–0.8 suggests 
predominant RV failure.

Cardiac power output
LV-CPO = (MAP*CO)/451
RV-CPO = (mean PAP-CVP) 
(CO)/451

•	 LV-CPO is an index of LV 
function.

•	 LV-CPO is a strong predictor of 
mortality in CS.

•	 Normal CPO: ~0.8–1.1 Watts.

•	 LV-CPO <0.6 (predictor of 
in-hospital mortality and need for 
mechanical support).

•	 RV-CPO <0.3 Watts.

•	 The optimal RCPO may vary 
depending on the context CS 
phenotype.

CVP: central venous pressure; PCWP: pulmonary capillary wedge pressure; PAPi: pulmonary artery pulsatility index; 
LV-CPO: left ventricle cardiac power output; RV-CPO: right ventricle cardiac power output.

Table 2. 
Pulmonary arterial catheter derived hemodynamic parameters.
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from the mean arterial pressure (MAP) and cardiac output (CO), and the RV-CPO 
is derived from mean pulmonary arterial pressure (mPAP) minus the right atrial 
pressures (CVP) multiplied by the CO. In the Shock trial registry, the LV-CPO showed 
a strong correlation with inpatient mortality, patient age, and females, demonstrating 
a higher mortality among this cohort of patients with CPO values of <0.6 [34].

5.3 Phenotyping by hemodynamic and severity profile

In 2019, the Society for Cardiovascular Angiography and Interventions (SCAI) 
multidisciplinary committee formulated an expert consensus statement to create a 
standardized classification using vasopressors, inotropes, and acute mechanical cir-
culatory support devices during CS hospitalization. This scheme categorizes patients 
into five stages (A to E), ranging from “at risk” to “in extremis” with CS (Figure 4). 
Early stages of shock, like pre-shock and shock, are generally more amenable to 
treatment than late-stage shock, linked to irreversible organ failure and death. This 
classification scheme is a straightforward tool requiring no calculations and enhances 
communication among clinicians and researchers regarding patients with CS. The 
SCAI Shock Classification also establishes a management framework for patients with 
or at risk for CS. For each SCAI shock stage, specific assessment and management 
strategies can be tailored to the severity of the condition. This framework enhances 
clarity in discussing patient status, offers new insights into the trajectories of hos-
pitalized CS patients, and allows clinical trials to differentiate subsets of patients 
with CS appropriately. The CS Working Group plays a crucial role in this research, 
substantially enhancing our understanding of CS. Their registry has clarified SCAI 
clinical profiles using data from seventeen hospitals that enrolled CS patients between 
2016 and 2021 [29]. The registry documented clear indicators of hypotension, hypo-
perfusion, and treatment intensity, verifying their link to mortality. It also established 
formal criteria for each stage, improving our capability to assess the relationship 
between baseline and maximum stages and mortality outcomes. Out of 3455 patients 
involved during the study, heart failure (52%) and myocardial infarction (32%) were 
the primary causes of CS. The overall mortality rate for the cohort was 35%, notably 
higher among those with myocardial infarction, out-of-hospital cardiac arrests, and 
those receiving multiple drugs and devices. Since 2019, this classification has been 
widely utilized in the management of patients with CS in order to determine their risk 
across the disease spectrum. Furthermore, the combination of different staging with 
pH and lactic acid levels and laboratory data can provide insight into the CS severity 
and inpatient mortality prediction, serving as a risk modifier for the SCAI classifica-
tion [35].

5.4 Machine-based learning clinical profile

CS heterogeneity encompasses more than illness severity and mortality risk fac-
tors, even with various staging and risk assessment systems for stratifying patients 
with similar SCAI classification. Machine-based learning (MBL) can enhance 
precision and unbiased medicine by matching treatment to patients based on six 
(6) distinct baseline variables: Glomerular filtration rate (GFR), Alanine amino-
transferase (ALT), lactate, bicarbonate (HCO3), platelets, and WBC count, as seen 
in Figure 5 [36]. By evaluating whether CS phenotypes possess distinctive clinical 
profiles using MBL, following a consensus clustering analysis, clear clusters of 
hospitalized CS were identified. This parameter identified three clinical phenotypes 
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(non-congested, cardiorenal, and cardiometabolic or hemometabolic shock) with 
specific clinical characteristics and associated outcomes, regardless of whether the 
event was AMI-CS or HF-CS, acute vs. chronic. Key features used to differentiate 
the phenotypes of CS upon admission included blood pressure (SBP, MBP, and 
DBP), kidney function (creatinine, BUN, and eGFR), electrolytes (potassium and 
bicarbonate), liver function (total protein and albumin), RBC-associated indicators 
(RBC count and RDW), and several scoring systems (SOFA, APS III, and APACHE 
IV). The non-congested phenotype exhibited lower heart rate, filling pressures (right 
atrial and pulmonary capillary wedge pressures), and a higher blood pressure relative 
to the other phenotypes, representing a stable profile. The cardiorenal-CS phenotype 
includes older patients with multiple comorbidities. These patients will exhibit 
a lower heart rate, elevated pulmonary arterial and pulmonary capillary wedge 

Figure 4. 
Cardiogenic shock phenotype according to severity and hemodynamic profile.

Figure 5. 
Cardiogenic shock phenotype using clinical profile and machine-based learning.
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pressures, and a lower glomerular filtration rate, suggesting renal involvement from 
shock, and are less likely to be referred for temporary mechanical supports requir-
ing palliative measures. On the other hand, patients with cardiometabolic shock 
phenotypes tend to have elevated lactate, alanine aminotransferase, heart rate, right 
atrial pressure, low blood pressure, cardiac power output, and index. This suggested 
a multiorgan involvement, featured by transaminases and lactic acidosis in a patient 
with CS. Additionally, it was demonstrated that the cardiometabolic CS phenotype 
had a 4-fold increase in mortality when compared to the non-congested CS pheno-
type. Therefore, the distinct phenotypes of CS show varying hospital mortality, ICU 
mortality, and incidence of acute kidney injury after admission [37]. A diagram with 
the different CS phenotypes, with the description of the patients that fall in each 
phenotype, as shown by MBL, is seen in Figure 4. Further studies were also able to 
replicate these findings by retrospectively analyzing patients admitted with CS and 
providing their CS phenotypes. Concluding that MBL could help identify pheno-
types in a mixed-CS population, showing good discrimination of in-hospital all-
cause mortality. Furthermore, using this cohort of patients demonstrates that MBL 
CS phenotypes are compatible with SCAI CS classification and provide an additional 
predictive value when both methods are used together. Moreover, it has been shown 
that different phenotypes can be associated with varying choices of acute mechanical 
assist devices [38].

6. �Tailoring management strategies

Clinical factors, laboratory tests, ECG, and cardiac imaging should supplement 
patients’ initial hypotension assessment. This should include evaluating signs/
symptoms, assessing urine output, confirming evidence of sustained hypotension 
for >30 minutes, and evaluating perfusion markers of end-organ hypoperfusion 
[39]. Once the phenotype is established, treatment can be tailored accordingly. For 
example, patients with CS secondary to myocardial infarction may be managed 
with percutaneous coronary intervention (PCI) or coronary artery bypass grafting 
(CABG). In contrast, patients with heart failure-related CS might respond better 
to pharmacological therapies, such as vasodilators or inotropes like dobutamine. 
Furthermore, some patients might require a combination of pharmacological and 
mechanical interventions, depending on the CS pathophysiology and hemodynam-
ics. Despite the increasing use of invasive therapies in CS, evidence-based treatment 
regimens that are known to improve outcomes are limited, and these patients require 
palliative care evaluation for further support and management. Figure 6 shows a 
summary of the information discussed in the section below.

6.1 Pharmacotherapy

The management of CS should be tailored to the individual patient, considering 
the underlying cause and overall clinical condition. Early recognition and prompt 
treatment are critical for improving outcomes in patients with this life-threatening 
condition. Pharmacologic medical management is essential for stabilizing the patient 
while reducing pulmonary congestion, if present, and improving cardiac output and 
tissue perfusion. This management aims to optimize the determinants of cardiac 
output, including preload, afterload, contractility, and heart rate. In CS medical 
therapy management, inotropes and vasopressors serve as the primary cornerstone 
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therapies. The indication for their use will depend highly on the patient’s clinical 
status, degree of organ hypoperfusion, and disease progression. The most used agents 
are the cardiac calcitropes (catecholamines and PDE3 inhibitors); these medications 
are known to increase myocardial force production by altering the concentration 
of intracellular Ca2+ [40]. They are characterized mainly by their action on specific 
myocardial receptors rather than their effect on vascular tone, chronotropic response, 

Figure 6. 
Cardiogenic shock clinical management.
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and cardiac performance. The catecholamine calcitropes are dobutamine, dopamine, 
epinephrine, and norepinephrine, all exhibiting varying degrees of α and β recep-
tor activity. The α receptors induce peripheral vasoconstriction, thereby increasing 
systemic vascular resistance, while the β-1 receptors primarily demonstrate positive 
chronotropic and inotropic effects, and the β-2 receptors act as vasodilators. These 
drugs alleviate symptoms and may be beneficial in acute shock, facilitating bridging 
to transplantation, and providing palliation. Nevertheless, observational cohorts and 
randomized clinical trials have demonstrated that prolonged use of catecholamines 
and phosphodiesterase-3 inhibitors is linked to increased mortality in patients with 
CS, believed to be secondary to enhanced intracellular calcium concentration [40]. 
Thus, the AHA/ACC/HFSA guidelines recommendations for management of CS pro-
vided a class 1 indication [41]. Nevertheless, ESC’s main recommendations stressed 
the early CS identification and treatment of inciting events and the management of 
organ dysfunction and considered inotropes/vasopressors if organ hypoperfusion 
deteriorates despite management (Class 2b) [42].

Dobutamine is one of the most prescribed agents for increasing contractility dur-
ing CS. This intravenous drug is a synthetic catecholamine that primarily stimulates 
β1 and α1 receptors, showing a weak affinity for β2 receptors. It directly regulates 
mean arterial pressure by enhancing cardiac output, albeit at the cost of stroke vol-
ume and heart rate. Low doses (5 mcg/kg/min) can trigger a mild vasodilatory effect 
through α1-receptors but can cause intense vasoconstriction at higher doses [40, 43].

Milrinone is a non-catecholamine calcitropic that works through inhibition 
of PDE3, thus decreasing cAMP degradation, mimicking β1 and β2 effects with 
increased intracellular calcium. Milrinone and dobutamine are used as inotropes to 
improve myocardial contractility. However, the DOREMI trial showed no significant 
differences in cardiovascular or renal outcomes between the two inotropes [44]. 
Nevertheless, a subsequent meta-analysis demonstrated a substantial benefit of mil-
rinone over dobutamine in patients with AHF with or without CS [45, 46]. However, 
in the OPTIME-CHF trial, milrinone showed a deleterious impact in patients with 
ischemic etiology and no clear evidence of hypoperfusion, with worse outcomes on 
the composite of death and 60-day rehospitalization (42 vs. 36%, P = 0.01) [47]. 
Another type of inodilator commonly used in Europe is Levosimendan. This medica-
tion works by increasing the sensitivity of troponin C to calcium, thus facilitating 
the interaction between actin and myosin without affecting the myocardial oxygen 
consumption. Furthermore, Levosimendan causes vasodilation by stimulating 
the ATP-sensitive potassium channels in the mitochondria [48]. In multiple meta-
analyses, Levosimendan demonstrated a trend toward improved survival compared to 
other inotropes [49].

In cases where patients with CS show intractable hypotension or mixed type-CS, 
a vasopressor effect is required. The AHA/ACC and ESC guidelines recommend 
Norepinephrine (NE) as a first-line agent for maintaining blood pressure in shock 
states [41, 42]. NE is an endogenous catecholamine synthesized, stored, and released 
from sympathetic neurons [50]. This drug has strong alpha-1 and beta-1 adrenergic 
effects. It is infused at 0.02–1 micrograms/kg/min with tapering starting at 0.1 micro-
grams/kg/min with a half-life of 5–10 minutes. It is associated with side effects such 
as tachycardia, myocardial ischemia, and tachyarrhythmias. Nevertheless, because 
of its short half-life, symptoms can be easily controlled by lowering the dose. When 
compared to dopamine, norepinephrine showed potential vasopressor advantages as 
seen in a meta-analysis of multiple randomized controlled trials; norepinephrine was 
associated with a lower 28-day mortality, a lower risk of cardiac arrhythmias (e.g., 
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atrial fibrillation, ventricular tachycardia, ventricular fibrillation), and gastrointes-
tinal side effects. Furthermore, this effect was not associated with the type of cardio-
genic shock (AMI-CS vs. AHF-CS) [51].

Epinephrine is a naturally occurring catecholamine that binds to β1, β2, and α1 
adrenergic receptors, causing increased cardiac output and peripheral vasoconstric-
tion. This drug is especially crucial in cardiac arrest situations and is linked to a high 
30-day survival rate among this cohort of patients. Nevertheless, its utility in CS is 
mainly as a rescue medication for intractable hypotension, which is poorly respon-
sive to other drugs when additional cardiac output and blood pressure support are 
needed [40]. The recommended dosages in CS range from 0.01 to 0.3 micrograms/
kg/min. However, it has been shown to have deleterious effects due to its α1-mediated 
increase in systemic vascular resistance through its effect on the right ventricular 
and pulmonary pressures. Moreover, it increases the myocardial oxygen demand 
with an increase in heart rate through its β1-effect. High, prolonged doses (>0.3–0.05 
micrograms/kg/min) have been associated with direct cardiac toxicity, arterial wall 
damage, and myocyte apoptosis stimulation [52].

While diuretics are not a primary treatment for cardiogenic shock, they may be 
used to manage fluid overload and pulmonary congestion, particularly in patients 
with a congestive phenotype. Failure to address congestion will lead to microcircula-
tory ischemia and multiple organ failure. Hesitation and concern usually arise when 
the use of diuretics in conjunction with vasopressors is being contemplated, mostly 
due to the risk vs. benefit effects of the combination therapy. However, a recent study 
using a population of critically ill patients admitted to the ICU receiving >6 hours of 
vasopressor therapy and treated with diuretics for management of volume overload 
demonstrated that the use of diuretics is effective to increase urine output, with-
out increasing the vasopressor dose, potentially reducing hospital mortality [52]. 
Furthermore, the patients receiving diuretics did not have an increased risk of devel-
oping acute kidney injury or requiring more renal replacement therapies. Therefore, 
highlighting the positive effects, the addition of diuretics to the critically ill patients 
who meet the criteria for diuretic therapy [52].

6.2 Temporary mechanical assist device

Temporary mechanical assist devices are employed to manage patients experi-
encing severe heart failure or CS or to provide support during high-risk procedures 
that necessitate short-term hemodynamic assistance. They are designed to improve 
cardiac output, stabilize hemodynamic parameters, and afford sufficient time for 
recovery or implement additional durable interventions, especially when managing 
patients with a classification of CS SCAI B and above. The choice of device indications 
depends on the clinical scenario, patient characteristics, and the underlying cause of 
cardiogenic shock or heart failure. The decision on the appropriate tMCD will depend 
on the type (LV-CS, BiV-CS, and RV-CS) and phenotypic presentation. The decision 
process will involve a combination of findings depending on the patient’s clinical 
condition, laboratory data, hemodynamic parameters, echo (POCUS) findings, and 
goals of care (Figure 5).

In cases where left ventricular support is needed, it is indicated when there is 
evidence of a cardiac index (CI) less than 2.2, a central venous pressure (CVP) 
greater than 0.86, and a pulmonary artery pulsatility index (PAPi) of less than 1.5. 
The choice of the most appropriate device will depend on the patient’s SCAI staging, 
phenotypic presentation, and the degree of hypoperfusion. The most universally 
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known temporary mechanical device is the Intra-Aortic Balloon Pump (IABP), which 
reduces the workload through a balloon that inflates and deflates in coordination with 
the cardiac cycle, thus supporting the patient hemodynamically and also decreas-
ing the ischemic burden in patients with refractory ischemia and severe coronary 
artery disease. This device has been researched for acute myocardial infarction with 
cardiogenic shock (AMI-CS). Studies, including the Gusto 1 trial, indicate that early 
intra-aortic balloon pump (IABP) placement can reduce mortality at 30 days and 
12 months. However, more recent studies have not demonstrated the same ben-
efits and have shown no significant advantages in mortality rates at the 30-day or 
12-month mark [53]. Multiple meta-analyses and old National Registry of Myocardial 
Infarction studies have further substantiated these findings. Thus, the AHA/ACC 
guideline recommendations for AMI-CS provided a recommendation class 2a, and the 
ESC guidelines provided a 2b recommendation of IABP on this population [41, 42].

Two types of temporary ventricular assist devices (VADs) are also used for LV-CS 
whenever higher LV support is required: pulsatile or continuous-flow devices. The 
Impella® is a short-term VAD with a micro axial flow pump built into the tip of 
a catheter and uses the Archimedes screw theory to mimic the natural blood flow 
through the blood vessels [54]. When used for left ventricular support, it is inserted 
percutaneously through the femoral artery and passed retrogradely through the 
aortic valve to provide LV support. Previous trials comparing Impella® and IABP in 
AMI-CS patients have demonstrated better hemodynamic parameters, including car-
diac index, cardiac output, and mean arterial pressure in Impella® patients; however, 
acute mortality rates were similar between the two devices [55–57].

On the other hand, another type of transient MCD required in patients with severe 
hemodynamic deterioration of LV parameters or whenever escalation of hemody-
namic support is required is the Tandem Heart®. This device is a percutaneously 
implanted centrifugal pump capable of providing a flow of 5 L/min at a maximum 
rate of 7500 rpm through a transeptal cannula that provides left atrial blood to the 
systemic circulation (femoral artery), effectively unloading the left ventricle. The 
THEME registry showed that using Tandem Heart® is associated with early lactate 
clearance, improvement in cardiac index, and favorable 30-day (74%) and 180-day 
(66%) survival [58]. In a retrospective analysis of the National Inpatient Sample 2017 
database, a comparison of both temporary ventricular assist devices (Impella® and 
Tandem Heart®) found that cardiogenic shock mortality remains high despite using 
these devices. Nevertheless, the mortality was higher in the cohort of patients who 
received mechanical support with Impella® [59].

Finally, Veno-arterial Extracorporeal Membrane Oxygenation (VA ECMO) 
circuits comprise a venous (inflow, drainage) cannula, a pump, an oxygenator, 
and an arterial (outflow, return) cannula [60]. This configuration can be initiated 
using either peripheral or central access. It offers cardiac and respiratory support by 
pumping blood through an artificial lung (membrane oxygenator) outside the body 
and returning it to the patient. It is primarily used for patients in SCAI E, providing 
oxygenation and support for those with severe cardiac and respiratory failure. It is 
indicated for patients experiencing refractory cardiogenic shock, severe respiratory 
failure, or as a temporary solution while awaiting recovery, transplantation, or other 
definitive therapies. A large meta-analysis with 12,756 patients with CS demonstrated 
that using ECMO can prolong the therapeutic window, thus allowing the heart to 
recover. In this cohort of patients, the inpatient mortality was 62%, with age, pres-
ence of infection, and shorter duration of ECMO support directly associated with 
in-hospital mortality [60]. ECMO-treated patients often develop complications, some 
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of them serious, like renal failure requiring renal replacement therapy and bleeding. 
Conversely, a systematic review and meta-analysis of propensity-matched/adjusted 
observational trials of Impella® versus VA ECMO in CS suggest that Impella® is asso-
ciated with better short-term survival and results in fewer bleeding events requiring 
transfusions [61].

On the other hand, in patients with RV-CS (CI < 2.2, CVP/PWPC < 0.86, and 
PAPi < 0.9), in which additional support for the right ventricle is required, other 
devices need to be used. One of those is the Impella-RP®, which is indicated in 
scenarios of CS with a main profile of right heart failure, such as in acute inferior MI 
and acute pulmonary embolism, among others [62]. This device is inserted percu-
taneously into the femoral vein with its inlet port in the right atrium-inferior vena 
cava junction. The impeller will displace the blood through the outflow cannula in 
the pulmonary artery, allowing an output of 4 L/min. A sub-analysis of the IMP-IT 
Registry revealed that the Impella® device demonstrates favorable survival outcomes 
in patients with right ventricular-predominant cardiogenic shock [63]. Nonetheless, 
complications associated with the device are typical and must be thoughtfully evalu-
ated when opting to escalate care to the Impella®. Another device when higher RV 
support is required is the Protek Duo Right Ventricular Assist Device (RVAD) [64]. 
It is an extracorporeal continuous-flow pump that provides a centrifugal flow of 
up to 4.5 L/min. It is indicated when there is higher RV support for management of 
RV-CS in acute inferior MI with right ventricular involvement, post-cardiotomy with 
right ventricular failure, s/p left ventricular assist device placement (LVAD) with RV 
failure after implant, and heart transplant patients.

The CentriMag Circulatory Support System is designed for use with a cardiopul-
monary or other extracorporeal bypass circuit. It provides temporary circulatory 
support for up to 30 days for the support of LV, RV, or both sides of the heart. This 
system is intended for post-cardiotomy patients who are unable to wean off cardio-
pulmonary bypass, serving as a bridge to help determine whether the patient’s heart 
will recover or if alternative, long-term therapy will be necessary. A meta-analysis 
of the CentriMag device has shown that it offers effective temporary cardiac and 
cardiopulmonary support for patients experiencing cardiogenic shock (CS). The use 
of this device has been linked to improved survival rates in various conditions: 82% 
for patients with pericardiotomy-related CS, 63% for postcardiotomy-related CS, 62% 
for transplant rejection or failure, and 83% for right ventricular failure following left 
ventricular assist device (LVAD) placement [65].

ECMO is reserved for patients with a potentially reversible underlying etiol-
ogy in cases with refractory RV-CS. This device can help manage hypoxemia from 
pulmonary failure while supporting the right ventricle, reducing preload and RV 
wall tension while delivering oxygenated blood flow to the coronary circulation 
[66]. However, clinical studies failed to demonstrate differences in clinical outcomes 
between ECMO use and conservative management. ECMO demonstrated a signifi-
cant reduction in 30-day mortality rates, with a rate of 38.5% compared to 47.9% for 
Levosimendan. The risk ratio (RR) was calculated at 0.76, accompanied by a 95% 
confidence interval of 0.63–0.90 (p < 0.001). However, ECMO was linked to a higher 
incidence of complications, including bleeding (23.4% versus 12.7%) and infections 
(18.9% compared to 10.5%) [14].

Finally, in patients with BiV-CS (CI < 2.2, variable CVP/PWPC, and PAPi < 1.5), 
a combination of devices that will provide support on both ventricles will be used, 
depending on their clinical, hemodynamic, and perfusion status. Furthermore, each 
device has potential complications, including infection, bleeding, vascular injury, and 
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malfunction. Patients with these devices require close monitoring in an intensive care 
setting to assess hemodynamic status and manage complications.

6.3 Cardiogenic shock teams

The management of cardiogenic shock focuses on restoring adequate cardiac 
output, improving tissue perfusion, and addressing the underlying cause of the 
shock. For instance, patients with CS due to acute myocardial infarction may benefit 
from immediate revascularization, while those with heart failure may require diuret-
ics and inotropic support. In 2019, the National Shock Initiative demonstrated that 
using shock protocols to manage patients admitted with AMI-CS improved clinical 
outcomes, emphasizing their use as best clinical practice for early transient MCS in 
patients presenting with AMI-CS treated with PCI [13, 14]. Nevertheless, CS mortal-
ity has not been significantly impacted despite the multiple advances seen in previ-
ous years with reperfusion therapies and temporary mechanical assist devices. One 
approach is to utilize a shock team with protocols that facilitate and guide multidisci-
plinary team interactions, allowing for earlier diagnosis and management of a patient 
with hypotension. To date, the use of cardiac shock care centers to improve outcomes 
in CS is well established [67].

If cardiogenic shock is the primary diagnosis, this team will include or obtain sup-
port from providers specializing in heart failure, interventional cardiology, critical 
care, cardiovascular surgery, and perfusion services [68]. This team serves as a back-
bone, offering emergency consultation to healthcare providers offering direct care 
to critical patients. This type of management may encompass early pharmacological 
interventions (e.g., inotropes, vasopressors), mechanical support (e.g., intra-aortic 
balloon pump, ventricular assist devices), and revascularization procedures (e.g., 
angioplasty, coronary artery bypass grafting) as appropriate, based on the patient’s 
diagnosis. The phenotype-based approach to managing CS consists of multiple key 
components: accurate diagnosis, targeted interventions, and continuous reassessment 
of the patient’s condition [69].

6.4 Continuous reassessment

The dynamic nature of cardiogenic shock needs continuous monitoring and reas-
sessment of the patient’s condition. Regular evaluation of hemodynamic parameters, 
clinical symptoms, and laboratory values is crucial for assessing the effectiveness 
of interventions and making timely adjustments to the management plan. Clinical 
examination, laboratories, and hemodynamic measures should be performed as 
often as 2–4 hours during the critical phase and may be spaced out to 6–8 hours 
once patients stabilize. This interactive process ensures that care remains aligned 
and updated to meet the patient’s evolving needs and requirements, bearing in mind 
decisions to escalate or de-escalate treatment as needed, including the possibility of 
palliative care and/or hospice. Close attention should be kept on complications related 
to device lines and access that might suggest limb ischemia, bleeding, etc.

7. �Implications for patient outcomes

Adopting a phenotype-based approach to CS management can significantly 
improve patient outcomes. For example, examination of the rates of MCS utilization, 
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associated factors, and clinical outcomes in patients with HF-CS and AMI-CS using 
data from the National Inpatient Sample spanning 2016 to 2020 revealed increased 
MCS utilization during the study period, with variations across devices and CS 
phenotypes. Among this patient cohort, AMI-CS exhibited higher rates of IABP (32.4 
vs. 8.9%), VA ECMO (2.8 vs. 2.4%), and percutaneous ventricular assist device usage 
(14.5 vs. 8.1%) when compared to HF-CS (p < 0.01). Notably, factors associated with 
lower MCS utilization included being female, aged over 60 years, black patients, 
having atrial fibrillation, chronic obstructive pulmonary disease, diabetes mellitus, 
cirrhosis, a history of stroke, or prior myocardial infarction. After adjusting for vari-
ous factors, patients with HF-CS had significantly better outcomes compared to those 
with AMI-CS, experiencing fewer adverse events such as inpatient death, stroke, 
tracheostomy, mechanical ventilation, and blood transfusion. However, HF-CS was 
associated with higher odds of acute renal failure requiring dialysis. Patients with 
AMI-CS had shorter hospital stays (8.8 vs. 15.0 days, p < 0.001), incurred lower 
charges ($251,580 vs. $294,792, p < 0.001), and were less likely to be discharged 
home. Overall, the study indicated that CS patients continue to face high rates of 
morbidity and mortality. The underlying etiology of shock significantly influences 
outcomes, with AMI cases showing more severe complications. This underscores the 
necessity for a standardized approach that accounts for etiology, individual patient 
factors, care availability, and equitable access [64]. By personalizing treatment strate-
gies, clinicians can target specific mechanisms contributing to shock, enhance inter-
ventions’ efficacy, and minimize adverse effects. Furthermore, this approach fosters a 
more comprehensive understanding of the disease, facilitating better communication 
among healthcare providers and improving interdisciplinary collaboration.

Research indicates that tailored management strategies can reduce mortality rates, 
shorten hospital stays, and improve the quality of life for patients recovering from 
cardiogenic shock. As healthcare systems increasingly emphasize value-based care, 
implementing phenotype-based approaches aligns with delivering high-quality and 
patient-centered care.

8. �Conclusion

Cardiogenic shock remains a daunting challenge in clinical practice, given its 
complexity and the variability in patient presentations. A phenotype-based approach 
to management offers a promising strategy for enhancing patient care by tailoring 
interventions to the specific characteristics of individual patients. The CS pheno-
types do not provide a one-size-fits-all but are rather interactive and supplement 
one another. As we strengthen our comprehension of cardiogenic shock and its core 
mechanisms, adopting this new paradigm is crucial for better outcomes and more 
effective management of this critical condition. By progressing beyond conventional, 
one-size-fits-all treatment protocols, we can develop a more nuanced and practical 
approach to cardiogenic shock, benefiting patients and healthcare systems.
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Chapter 3

Ferroptosis in Sepsis-Induced 
Acute Lung Injury
Yuanhang Fan, Wanrong Wu, Jiao Liu, Daolin Tang, 
Zhenhui Zhang and Yichun Wang

Abstract

Sepsis is a life-threatening medical condition that arises when the body’s response 
to an infection becomes dysregulated, resulting in widespread organ dysfunction and 
failure. Approximately 50% of septic patients in intensive care units develop acute 
lung injury (ALI), a condition that significantly increases mortality rates. Therefore, 
gaining a deeper understanding of the pathophysiological mechanisms underlying 
sepsis-induced ALI is crucial for the development of effective prevention and treat-
ment strategies for infected individuals. Ferroptosis is a type of oxidative cell death 
characterized by the accumulation of iron and uncontrolled lipid peroxidation. 
Recent research has emphasized the connection between ferroptosis and sepsis-
induced organ dysfunction, particularly in the context of lung injury. In sepsis-
induced ALI, disruptions in iron homeostasis lead to the accumulation of intracellular 
iron. This process is intricately linked with various key regulatory elements, such as 
glutathione peroxidase 4 (GPX4), solute carrier family 7 member 11 (SLC7A11), acyl-
CoA synthetase long-chain family member 4 (ACSL4), arachidonate 15-lipoxygenase 
(ALOX15), as well as ferritin and ferroportin. This comprehensive review will explore 
recent advancements in understanding ferroptosis mechanisms in sepsis-induced 
acute lung injury (ALI) and discuss the potential of targeting ferroptosis as a novel 
therapeutic approach, along with associated challenges.

Keywords: sepsis, acute lung injury, ferroptosis, oxidative stress, inflammation

1. �Introduction

Sepsis, a common complication resulting from severe trauma, burns, infec-
tions, and major surgeries, is a life-threatening condition defined by multi-organ 
dysfunction due to an inadequate or dysregulated host response to infection [1–3]. 
It stands as a leading cause of mortality among ICU patients [4, 5]. In the United 
States, sepsis results in approximately 300–400 hospitalizations per 100,000 people, 
with an overall mortality rate of roughly 20% [6]. In mainland China, a compre-
hensive study across 44 hospitals reported a sepsis incidence of 20.6 cases per 100 
ICU admissions, accompanied by a daunting 90-day mortality rate of 35.5% [7]. 
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Key factors contributing to higher 90-day mortality include advanced age, lower body 
weight, elevated Sequential Organ Failure Assessment (SOFA) scores, and the site of 
infection, notably in the lungs [7].

Regrettably, timely and effective sepsis treatment remains a challenge, with the 
lungs often being one of the first organs affected [8]. Sepsis is the leading risk factor 
for acute lung injury (ALI) and a significant contributor to the high mortality rate 
in septic patients [9]. Research indicates that up to 50% of ICU patients with sepsis 
develop ALI [10, 11], and epidemiological studies reveal that the lungs are the most 
common infection site in sepsis patients, accounting for 68.2% of cases [7]. Despite its 
significant clinical implications, the molecular mechanisms responsible for sepsis-
induced ALI remain incompletely understood. Therefore, gaining a comprehensive 
understanding of the pathophysiological mechanisms behind sepsis-induced ALI is 
vital for the development of effective prevention and treatment strategies.

This review emphasizes the role of ferroptosis, a non-apoptotic form of regulated 
cell death involving iron and lipid peroxide accumulation, in sepsis-induced acute 
lung injury (ALI). We briefly overview the pathology of sepsis-induced ALI, establish 
cell death pathways, and delve into the mechanisms and modulation of ferroptosis in 
this context. Lastly, we discuss the therapeutic potential of targeting ferroptosis for 
sepsis-induced ALI.

2. �Pathology of sepsis-induced ALI

ALI is a complex and severe pulmonary condition triggered by systemic inflamma-
tory response syndrome (SIRS) in response to sepsis [8, 12, 13]. It is characterized by 
intense lung inflammation, increased pulmonary vascular permeability, and sub-
sequent alveolar damage [14, 15]. Key pathogenic mechanisms include overwhelm-
ing inflammation, oxidative stress, and coagulation dysfunction. During sepsis, a 
dysregulated immune response leads to the excessive release of pro-inflammatory 
cytokines, often referred to as a “cytokine storm,” causing widespread tissue damage, 
especially in the pulmonary system [16]. Concurrently, oxidative stress results from 
an imbalance between the production of reactive oxygen species (ROS) and the body’s 
antioxidant defenses, further exacerbating cellular and tissue injury in the lungs [17, 
18]. Additionally, sepsis can disrupt normal coagulation pathways, leading to either 
localized clotting within lung vasculature or disseminated intravascular coagula-
tion, both of which impair gas exchange and contribute to respiratory failure [19, 
20]. Collectively, these dysfunctions result in impaired gas exchange, reduced lung 
compliance, and severe respiratory distress, defining features of ALI.

2.1 Inflammation in sepsis-induced ALI

Excessive inflammatory response and immune suppression are key mechanisms in 
sepsis [21]. Research suggests that dysregulation of pro-inflammatory and anti-inflam-
matory pathways is a pivotal pathological mechanism in sepsis-induced ALI [22, 23]. 
The ongoing recruitment and activation of various inflammatory cells, coupled with the 
release of large quantities of inflammatory mediators, trigger an uncontrolled inflamma-
tory response, leading to a systemic inflammatory response syndrome [24].

During immune hyperactivation, macrophage activation releases inflammatory 
mediators, such as tumor necrosis factor-alpha (TNF-α) and interleukins, triggering 
a cascade that recruits additional inflammatory cells [25]. This accumulation in lung 
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tissue disrupts the alveolar-capillary barrier, increases vascular permeability, and 
impairs gas exchange, compromising lung function [26]. Studies highlight that early 
in sepsis-induced acute respiratory distress syndrome (ARDS), capillary function 
deteriorates due to neutrophil retention, and inhibiting pro-inflammatory cytokines 
can mitigate ALI [27–29]. Inhibiting inflammatory signaling pathways such as nuclear 
factor kappa-B (NF-κB) pathway also protects against structural damage and inflam-
matory cell infiltration, alleviating lung and liver injury in sepsis [30].

2.2 Oxidative stress in sepsis-induced ALI

During sepsis, neutrophils in lung tissue release a large number of inflammatory 
mediators and produce ROS [31]. Excessive ROS can damage cellular structures and 
functions, impair mitochondrial membranes, and create oxidative byproducts, such 
as malondialdehyde, which reduces the active substance on the alveolar surface, 
increases surface tension, and decreases alveolar compliance [32]. In animal models, 
the rapid and excessive production of inflammatory cytokines and ROS disrupts the 
endothelial barrier, leading to microvascular leakage and subsequent lung injury 
[15, 33]. Furthermore, upregulating antioxidant enzymes and inhibiting mitogen-
activated protein kinase (MAPK)/NF-κB activation may prove effective therapeutic 
strategies for sepsis-induced ALI [34], underscoring the potential of targeting oxida-
tive stress in the treatment of sepsis-induced ALI.

2.3 Coagulation in sepsis-induced ALI

Sepsis-induced ALI is also associated with coagulation dysfunction. In this 
condition, the coagulation system is activated, and anticoagulation mechanisms are 
inhibited [35, 36]. The excessive release of coagulation factors hampers fibrinolysis 
and induces pulmonary interstitial fibrosis. Pathogen stimulation damages endo-
thelial cells and exacerbates coagulation dysfunction [37, 38]. Disrupted coagulation 
cascades lead to microthrombus formation, impaired fibrinolysis, and activation 
of platelets and endothelial cells, resulting in vascular occlusion and impaired pul-
monary oxygenation [39]. Additionally, the dysregulated coagulation cascade may 
contribute to the release of pro-inflammatory mediators and the recruitment of 
inflammatory cells, further exacerbating lung injury [40].

3. �Mechanisms of ferroptosis in sepsis-induced ALI

3.1 Overview of ferroptosis

Regulated cell death (RCD) is a fundamental biological process characterized 
by the orderly and regulated elimination of cells, playing a pivotal role in both the 
development and maintenance of organismal homeostasis [41, 42]. This process 
differs from accidental cell death, which is unregulated. Traditionally, RCD mainly 
encompasses apoptosis. However, in recent years, new types of non-apoptotic RCD, 
such as necroptosis and pyroptosis, have been discovered. Additionally, ferroptosis, 
an iron-dependent RCD pathway, has emerged as relevant in sepsis and associated 
organ damage, underscoring the evolving understanding of cell death’s role in disease 
processes.
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In 2012, Dixon first proposed the term of ferroptosis, a non-apoptotic form of 
cell death that is iron-dependent and characterized by the accumulation of lipid ROS 
[43, 44]. The occurrence of ferroptosis is iron-dependent, and pro-oxidant factors can 
directly or indirectly affect glutathione peroxidase 4 (GPX4), leading to decreased 
antioxidant capacity and accumulation of lipid ROS, ultimately resulting in oxidative 
cell death [44, 45].

In ferroptosis, iron accumulates due to dysregulation of iron homeostasis. This 
may involve increased iron uptake mediated by transferrin receptor 1 (TfR1) or 
reduced iron export facilitated by ferroportin (Fpn). Furthermore, impaired iron 
storage by ferritin can contribute to iron overload [46]. Conversely, ferroportin is the 
sole iron transporter capable of reducing cellular iron levels and mitigating ferropto-
sis. Overexpressing TfR1 or disrupting Fpn can trigger intracellular ferroptosis, while 
ferrostatin-1 can upregulate Fpn, lower cellular iron levels, ameliorate lipid peroxida-
tion, and reduce the occurrence of ferroptosis [47].

Lipid peroxidation is a critical step in ferroptosis, involving the oxidative damage 
of polyunsaturated fatty acids (PUFAs) within cellular membranes. Elevated iron 
levels and the presence of ROS can trigger lipid peroxidation [48]. Iron participates in 
the Fenton reaction, generating lipid hydroperoxides from PUFAs, a process mediated 
by enzymes like arachidonate 15-lipoxygenase (ALOX15) and enhanced by acyl-
CoA synthetase long-chain family member 4 (ACSL4). These lipid hydroperoxides 
propagate through a chain reaction, leading to the formation of phosphatidylethanol-
amine (PE) containing arachidonic acid (AA) or its derivative, adrenaline, causing 
widespread membrane damage and dysfunction. Ferroptosis is often accompanied 
by a breakdown of the GSH-dependent lipid repair system [49]. Disruption of the 
cellular antioxidant defense system, including GSH levels and decreased activity of 
GPX4, further amplifies lipid peroxidation and promotes ferroptosis [50, 51]. This 
process is associated with solute carrier family, such as solute carrier family 7 member 
11 (SLC7A11)/xCT/system xc-system, which sustains GSH production. Therefore, 
factors such as ferritin, ACSL4, and ALOX15 act as inducers of ferroptosis, whereas 
ferroportin-1, GPX4, and SLC7A11 act as suppressors of ferroptosis (Figure 1).

3.2 Ferroptosis and sepsis-induced ALI

In sepsis-induced ALI, ferroptosis is also activated. Excessive iron accumulation 
and the resulting lipid peroxidation are believed to contribute to oxidative stress, 
membrane damage, and cell death in both epithelial and immune cells within lung 
tissues, further exacerbating the development of ALI. The regulation of this process is 
typically governed by the aforementioned ferroptotic regulators.

3.2.1 Iron metabolism and lipid peroxidation in sepsis-induced ALI

Dysfunction of iron metabolism is the most important feature and the first step of 
ferroptosis. In sepsis-associated ALI, sepsis causes the accumulation of iron ions in both 
alveolar epithelial cells and immune cells. Iron promotes lipid peroxidation, leading to 
abnormal cell death, as well as activation of immune cells such as neutrophil migration 
and macrophage inflammatory polarization. The accumulated iron can also induce 
fibroblast proliferation, which may exacerbate the inflammatory response and lead to 
pulmonary fibrosis [27]. As reported by Li et al., sepsis-induced the release of a large 
amount of iron. Cytoplasmic Fe2+ further led to the expression of spliced mitochondrial 
membrane protein (SFXN1), which transports cytoplasmic Fe2+ into the mitochondria, 
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resulting in mitochondrial ROS and ferroptosis [52]. He et al. also found that ferroptosis 
was a key mechanism in sepsis-induced ALI. Both 4-octyl itaconate (4-OI), which inhib-
ited GPX4-dependent lipid peroxidation by increasing nuclear factor erythroid 2-related 
factor 2 (NRF2) accumulation and activation [53]. Treatment with protectin conjugates 
in tissue regeneration 1 (PCTR1) reduces the levels of Fe2+, prostaglandin-endoperoxide 
synthase 2(PTGS2), and lipid ROS, increases the levels of GSH and GPX4 and improves 
mitochondrial ultrastructure damage, thus alleviating sepsis-induced ALI [54].

As another key factor of ferroptosis, lipid peroxidation is usually activated by 
disrupted iron homeostasis. Iron serves as a crucial cofactor for various cellular pro-
cesses and can generate ROS through Fenton and Haber-Weiss reactions [55]. In sepsis, 
bacterial infections require iron for growth, and the release of intracellular iron from 
shedding cells provides excess iron for bacterial utilization. The shed intracellular 
iron becomes a feast for the infected bacteria [56, 57]. Meanwhile, bacterial infection 
provides various materials for lipid peroxidation, including reactive oxygen species 
and fatty acids, forming a vicious cycle that exacerbates infection, leading to sepsis and 
multi-organ dysfunction [56]. Ferroptosis exacerbates infection by introducing mul-
tiple bacterial growth sources, which in turn facilitate lipid peroxidation in sepsis [58].

3.2.2 Ferroptosis biomarkers and their functions in sepsis-induced ALI

As previously mentioned, ferroptotic regulators, including inducers like ACSL4 
and ALOX15, and suppressors such as ferroportin-1, GPX4, and SLC7A11, play pivotal 

Figure 1. 
Regulators in ferroptosis. TfR1 mediated import of iron uptake while ferroportin exports iron, which can 
be upregulated by ferrostatin-1. ACSL4 and ALOX15 contribute to the oxidation of PUFAs within cellular 
membranes. Excessive iron levels and the presence of ROS can initiate lipid peroxidation. Iron participates in 
the Fenton reaction, generating lipid hydroperoxides from PUFAs, leading to widespread membrane damage and 
dysfunction. The impairment of the GSH-dependent lipid repair system, such as the dysfunction of GPX4 and 
SLC7A11/SLC32A1, further amplifies lipid peroxidation and promotes ferroptosis.
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roles in sepsis-induced ferroptosis in ALI. Their expressions, as inducers or suppres-
sors, partially dictate the activation or inactivation of the ferroptotic pathway, thereby 
influencing the extent of lung tissue damage and the progression of ALI.

3.2.2.1 Ferroptosis inducers in sepsis-induced ALI

As the primary intracellular iron storage protein, ferritin regulates iron availability 
under normal conditions. In ferroptosis, the degradation of ferritin through a process 
known as ferritinophagy releases free iron, which catalyzes the production of ROS 
and lipid peroxidation, thereby driving cell death. Wang et al. measured the levels 
of ferroptosis-related factors and inflammatory factors in 50 sepsis-induced ALI 
patients and found ferroptosis biomarkers were differentially expressed, with sig-
nificantly higher ferritin and serum iron [59]. A recent study highlighted that nuclear 
receptor coactivator 4 (NCOA4) can interact with ferritin, degrading it in an iron-
dependent manner, which releases a substantial amount of iron in sepsis-induced ALI 
[52]. Conversely, overexpression of yes-associated protein 1 (YAP1) inhibits ferrop-
tosis-mediated eosinophil proliferation by preventing ferritin degradation, thereby 
reducing Fe2+ in the cytoplasm and inhibiting Fe2+ transport into mitochondria via 
mitochondrial membrane protein SFXN1, thereby reducing mitochondrial ROS pro-
duction and alleviating sepsis-induced ALI [60]. Additionally, prior exposure to the 
ferritin light chain has been shown to restrain a dysregulated response to infection, 
with myeloid ferritin light chain deficiency resulting in improved organ functions and 
attenuated damage in the liver, lungs, and kidneys in a sepsis mouse model [61].

ACSL4 is a key enzyme involved in regulating lipid composition, which enhances the 
generation of lipid hydroperoxides from PUFAs in ferroptosis [62, 63]. As a biomarker 
of ferroptosis, the increase of ACSL4 is a signal of the activation of ferroptosis. In sepsis-
induced ALI, the expression of ACSL4 is upregulated in lung tissues, alveolar epithelial 
cells, and macrophages [64, 65]. Wang et al. observed enhanced ferroptosis levels in 
sepsis-induced ALI models, marked by increased ROS and ACSL4 and decreased GPX4, 
regulated by circRNA exocyst complex component 5 (EXOC5) [64]. Meanwhile, the sta-
bility of ACSL4 mRNA was regulated by the RNA-binding protein PTBP1. Suppressing 
ACSL4 could be a potential strategy to inhibit ferroptosis and improve ALI in sepsis. 
Lai et al. found that uridine significantly alleviated lung injury, inflammation, tissue 
iron levels, and lipid peroxidation in sepsis-induced ALI mice, partially through ACSL4 
downregulation and SLC7A11, GPX4, and heme oxygenase 1 (HO-1) upregulation. 
Additionally, these effects were also observed in LPS-induced macrophages, indicat-
ing that ACSL4 facilitates ferroptosis in immune cells. Activating the NRF2 signaling 
pathway to react with ASCL4 could improve sepsis-induced ALI [65].

ALOX15 is a member of ALOX family which mediates catalyzes the peroxidation 
of PUFAs in lipid membranes during ferroptosis. An increased level of ALOX15 was 
observed in sepsis patients on days 1 and 8 in the ICU [66]. However, a recent preprint 
study indicated that endothelial ALOX15 might have a protective effect in mild lung 
thrombosis during sepsis-induced ALI [67], suggesting the possible multiple roles of 
ALOX15 in sepsis-induced ALI. Overall, research on ALOX15’s connection to ferrop-
tosis in sepsis-induced ALI is limited, necessitating further studies for validation.

3.2.2.2 Ferroptosis suppressors in sepsis-induced ALI in sepsis-induced ALI

Ferroportin is a crucial iron-exporter protein that helps maintain iron homeostasis 
by transporting iron out of cells, reducing iron accumulation, and consequently 
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mitigating lipid peroxidation and cell death associated with ferroptosis. Ferrostatin-1, 
on the other hand, is a potent inhibitor of ferroptosis, which can upregulate the level 
of ferroportin to prevent lipid peroxide formation and protect against cell death. 
In an in vitro model of sepsis-induced ALI, ferrostatin-1 effectively inhibited lipid 
peroxidation and damage in THP-1 macrophages induced by LPS [53]. Shimizu et al. 
suggested that intraperitoneal injection of extracellular cold-inducible RNA-binding 
protein (eCIRP) reduced the expression of GPX4 in lung tissue and increased lipid 
ROS, while ferrostatin-1 treatment significantly reduced this increase [68].

GPX4 plays a central role in inhibiting ferroptosis by reducing lipid ROS [50, 69]. 
It achieves this by catalyzing the oxidation of GSH to oxidized glutathione (GSSG), 
effectively eliminating lipid peroxides and shielding cell membranes from the harm-
ful effects of polyunsaturated fatty acid peroxidation [70]. Hence, GPX4 is a vital 
negative regulator of oxidative damage that inhibits ferroptosis, with its downregula-
tion being a common method for identifying ferroptosis [71, 72]. In a sepsis-induced 
ALI animal model using cecal ligation and puncture (CLP), GPX4 expression was 
significantly reduced, coinciding with increased MDA levels, iron levels, and lung 
tissue injury scores [68]. Cao et al. demonstrated that in a sepsis-induced ALI mouse 
model, increased iron content and decreased GPX4 expression correlated with lung 
tissue damage and lipid peroxidation, while mitochondrial aldehyde dehydrogenase 
2 (ALDH2) exerted a protective role by reducing ferroptosis and increasing GPX4 
levels [73].

The function of GPX4 in ferroptosis is intrinsically connected to SLC7A11, a 
critical component of the xCT transporter system that facilitates the uptake of cystine 
required for GSH synthesis. SLC7A11’s role in sustaining GSH production is vital for 
GPX4’s activity, as GPX4 utilizes GSH to detoxify lipid peroxides, thereby prevent-
ing ferroptosis. In sepsis-induced ALI, both GPX4 and SLC7A11 levels decrease with 
ferroptosis activation 60. Zhang et al. confirmed that in an ALI model, lung alveolar 
epithelial cells showed increased levels of Fe2+ and MDA, decreased levels of GSH, 
downregulated expression of GPX4 and SLC7A11 and upregulated expression of 
ACSL4, while YAP1 could function with an endogenous protective mechanism against 
ALI [74]. Additionally, inhibiting STEAP family member 1 (STEAP1) in a sepsis-
induced ALI model reduced inflammatory responses and ROS generation, increased 
NRF2 and GSH levels by activating the SLC7A11/GPX4 axis, and suppressed fer-
roptosis, thereby protecting pulmonary endothelium [75]. Recent research found 
that in a CLP-induced ALI model, hydrogen sulfide (H2S) attenuated sepsis-induced 
ALI ferroptosis by increasing GPX4 and SLC7A11 expression in lung tissues, block-
ing mTOR signaling to inhibit autophagy activation, improving histopathological 
changes, alleviating lung tissue damage, and reducing lung injury severity [76]. All 
these results implied that inhibiting ferroptosis by activation of SLC7A11/GPX4 may 
be a potential therapeutic target for sepsis-induced ALI.

3.3 The role of ferroptosis in other organ damage caused by sepsis and its 
association with lung injury

Emerging evidence highlights the substantial involvement of cellular ferroptosis 
in organ-specific injuries during sepsis. In the context of sepsis-induced liver injury, 
ferroptosis plays a crucial role in the development of liver damage. Consequently, 
inhibiting ferroptosis has emerged as a novel therapeutic approach for mitigat-
ing septic liver injury. For example, the traditional Chinese medicine Wenqingyin 
(WQY) attenuates sepsis-mediated liver injury by targeting and inhibiting iron 
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toxicity in hepatocytes [77]. It has been found that YAP1 prevents ferritin degrada-
tion, reducing ROS generation and ferroptosis-mediated iron toxicity in hepatocytes 
in septic liver injury [78]. In sepsis-induced kidney injury, in vitro studies have 
shown that ginsenoside Rg1 increases HK-2 cell viability and reduces iron accumula-
tion and lipid peroxidation, thereby alleviating septic kidney injury [79]. Melatonin 
treatment in vivo has been shown to attenuate septic kidney injury by upregulating 
the NRF2/HO-1 pathway, inhibiting ferroptosis [80]. In cardiac injury, suppressing 
tumor protein 53 (p53) and ferritin levels enhances GPX4 and SLC7A11, protecting 
against sepsis-induced cardiac injury by inhibiting ferroptosis in mouse cardiomyo-
cytes [81, 82].

While ferroptosis plays a direct role in organ-specific injuries, the interconnection 
between organ injuries lies in the systemic inflammatory response and the release of 
inflammatory mediators. In sepsis, the activated inflammatory response can promote 
iron accumulation and cellular iron death, which further exacerbate inflammation 
and tissue damage. This interconnectedness creates a complex web of organ injury, 
where lung injury can influence the progression of liver, kidney, and heart injury, 
and vice versa [83, 84]. However, research in this field remains relatively limited, and 
further investigations, both in basic science and clinical studies, are necessary to fully 
understand the impact of sepsis-induced lung injury on organ damage in other organ 
systems.

3.4 �Ferroptosis as a potential target for the treatment of sepsis-induced ALI and 
its challenges

In recent years, an increasing number of cellular and animal studies have high-
lighted the potential of targeting ferroptosis as a therapeutic approach for sepsis-
induced ALI. However, the majority of these investigations have been limited to 
cellular and animal models.

Some promising developments include the identification of itaconate as a 
candidate drug for treating ALI by inhibiting ferroptosis [53]. Additionally, the 
QiShengYiQi pill (QSYQ ), a traditional Chinese medicinal formulation, has shown 
the ability to preserve the integrity of the pulmonary vascular barrier by suppress-
ing ferroptosis in CLP mice. This provides a scientific basis for considering QSYQ 
as a treatment for sepsis-induced ALI [85]. In sepsis-induced ALI, Ferulic acid has 
demonstrated the potential to improve alveolar epithelial barrier function by activat-
ing the NRF2/HO-1 pathway, thereby inhibiting ferroptosis in alveolar epithelial cells. 
This offers a protective effect against sepsis-induced ALI, adding new evidence to the 
field of sepsis treatment [86]. Furthermore, F-box and WD repeat domain-containing 
7 (FBXW7) have been found to mediate the ubiquitination and degradation of AUF1 
in ferroptosis, counteracting the ferroptotic response through its regulation of NRF2 
and the AU-rich element (ARE)-binding factor 1 (AUF1). Activation of the AUF1 
pathway may hold promise for the treatment of sepsis-induced ALI [87].

Collectively, these studies suggest that targeting iron metabolism and lipid peroxi-
dation has the potential to mitigate lung injury by preventing ferroptosis in sepsis-
induced ALI. However, there is currently a paucity of clinical studies focused on the 
application of ferroptosis as a therapeutic target in sepsis-induced ALI. Therefore, 
further clinical research is needed to validate the findings from these cellular and ani-
mal experiments in the future. Moreover, several challenges, including issues related 
to selectivity, timing, potential off-target effects, and the complex interplay with 
other biological processes, must be addressed. Further research and development 
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efforts are necessary to optimize therapeutic approaches targeting cellular iron death 
and translate these findings into effective treatments for sepsis-induced lung injury.

4. �Challenges and future directions for ferroptosis as a therapeutic target 
of sepsis-induced ALI

Despite the promising insights into ferroptosis and its role in sepsis-induced 
ALI, numerous challenges and avenues for future research persist. The current 
understanding of ferroptosis in the context of sepsis-induced ALI remains in its early 
stages, demanding further investigation to unravel the intricate mechanisms and 
pathways involved. To translate these findings into effective clinical interventions, 
several challenges must be addressed:

1.	Comprehensive exploration of the interplay between various ferroptosis media-
tors such as GPX4, SLC7A11, and ferroportin, and their impact on cellular iron 
metabolism and lipid peroxidation in sepsis-induced ALI is warranted.

2.	Sepsis-induced ALI exhibits substantial heterogeneity in clinical manifestations 
and responses to treatment. Understanding how individual variability influ-
ences ferroptosis pathways can provide insights into personalized therapeutic 
approaches.

3.	A significant challenge lies in translating preclinical findings into clinical prac-
tice. Many therapeutic approaches targeting ferroptosis are still in experimental 
stages and require rigorous evaluation through clinical trials. While inhibitors, 
such as ferrostatin-1, exhibit potential, their safety and efficacy in human sub-
jects, particularly in the complex clinical context of sepsis, necessitate thorough 
assessment. The development and testing of combination therapies that syn-
ergistically target ferroptosis, inflammation, and other relevant mechanisms 
represent an important future direction.

Furthermore, future research should focus on a more comprehensive elucidation 
of the molecular mechanisms underlying ferroptosis in sepsis-induced ALI. The 
exploration and validation of specific biomarkers associated with cellular ferroptosis 
and organ damage are crucial endeavors. Additionally, the development of personal-
ized treatment strategies tailored to individual patient characteristics should be 
pursued and subjected to rigorous clinical investigation.

5. �Conclusion

Ferroptosis has emerged as a promising therapeutic target for sepsis-induced lung 
injury and other organ injuries. This review has emphasized the growing significance 
of ferroptosis in the pathophysiology of sepsis-induced ALI. The intricate interplay 
among various cellular mechanisms, including inflammation, oxidative stress, iron 
metabolism, and lipid peroxidation, along with the involvement of key proteins 
such as ACSL4, GPX4, SLC7A11, and ALOX15, as well as regulators like ferroportin 
and ferrostatin-1, underscores the multifaceted role of ferroptosis in the progres-
sion of sepsis-induced ALI. While these findings open new avenues for therapeutic 
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interventions, they also present challenges, particularly in fully comprehending the 
underlying mechanisms and translating these insights into clinical practice. The 
potential for targeting ferroptosis in the treatment of sepsis-induced ALI is substan-
tial, yet it necessitates a cautious and well-informed approach due to the complexity 
and variability of the disease. In conclusion, ferroptosis represents a promising but 
challenging frontier in the endeavor to mitigate the impact of sepsis-induced ALI. 
Future research should strive to unravel the intricacies of ferroptosis pathways and 
work toward the development of safe, effective, and personalized therapeutic strate-
gies that have the potential to revolutionize the management of sepsis-induced ALI.
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Chapter 4

Challenges in Critical Care Lung 
Ultrasound
Pedro Yasfir González-Noris

Abstract

Nowadays, lung ultrasonography is routinely used in critical care medicine during 
bedside rounds in several intensive care units across the world. Despite its increasing 
popularity, some hurdles persist in the efficient deployment of lung ultrasonography. 
This chapter focuses on challenges like limited training opportunities, difficulty in 
interpretation, and how other techniques like transesophageal lung ultrasonography 
(TELUS) might be advantageous in some situations. Certain devices equipped with 
advanced software can significantly aid in the learning process by providing appro-
priate feedback, and in low-income settings, the use of lung ultrasonography has been 
shown to be beneficial. Furthermore, in comparison with other modalities such as 
chest radiography, the diagnostic accuracy may be equivalent or superior using lung 
ultrasound.

Keywords: lung ultrasound, TELUS, training, protocols, diagnostic accuracy

1. �Introduction

Some of the challenges of lung ultrasound are essentially patient-dependent. Obese 
patients are frequently difficult to examine because of the thickness of their ribcage 
and soft tissues. Furthermore, subcutaneous emphysema can alter the propagation of 
ultrasound beams. Lung ultrasonography (LUS) is recognized for its utility in assess-
ing diuretic responsiveness in acute heart failure and cardiogenic pulmonary illness. 
Conversely, when the analysis of natriuretic peptide B lines is unfeasible, it may serve 
as an excellent alternative [1]. LUS presents several advantages over chest radiography: 
it is devoid of radiation, economically viable, permits follow-up examinations, aids in 
treatment assessment, is easily accessible in diverse environments, is straightforward 
to master, and can be employed immediately as a point-of-care instrument [2].

In certain situations, such as heart failure and cardiogenic pulmonary edema 
accompanying acute exacerbation of chronic obstructive pulmonary disease, differ-
entiation may pose challenges; however, Lajili et al. demonstrated that the diagnostic 
efficacy of lung ultrasound and LUS score for heart failure in the context of acute 
exacerbation of chronic pulmonary disease is satisfactory, with a cutoff of 5 indicat-
ing good sensitivity and a cutoff of 30 indicating good specificity. An LUS score 
below 5 can effectively exclude heart failure, whereas a value beyond 30 indicates a 
higher likelihood of heart failure [3].
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The evaluation of pleural anomalies is crucial for differentiating between ARDS 
and cardiogenic edema; however, it may pose difficulties for inexperienced practi-
tioners. In certain cases, the integration of LUS with targeted cardiac ultrasound may 
be warranted [4]. Pleural effusion is readily identifiable; however, discerning the 
origin and assessing the volume can prove more difficult. B-lines are readily identifi-
able; however, their genesis and clinical interpretation may provide challenges for 
assessment. Lung consolidation is readily identifiable; nevertheless, differentiating 
between atelectasis and pneumonia necessitates that the sonographer possess the abil-
ity to recognize dynamic air bronchograms and interpret color Doppler, which likely 
represents at least intermediate proficiency [5].

The diagnostic accuracy of lung ultrasound has been characterized in various 
respiratory pathologies. Pneumonia has a sensitivity of 89% and a specificity of 94%. 
The positive predictive value for pneumonia is 88%, while the negative predictive 
value is 95%. Pneumothorax has a sensitivity of 88% and a specificity of 100%. The 
positive predictive value for pneumothorax is 100%, while the negative predictive 
value is 99%. This illustrates why the lung point serves as a pathognomonic marker for 
pneumothorax. Meanwhile, chronic obstructive pulmonary disease and asthma exac-
erbation have a sensitivity of 89%, a specificity of 97%, a positive predictive value of 
93%, and a negative predictive value of 95%. Acute pulmonary edema has a sensitivity 
of 97%, specificity of 95%, positive predictive value of 87%, and negative predictive 
value of 99% [6]. Additionally, the accuracy of the diagnosis of pneumonia in the 
intensive care unit is significantly higher compared to the accuracy of chest X-rays [7]. 
The evidence presented may be a significant factor in advocating for the integration of 
this impact into all residency programs for critical care medicine globally.

2. �Training

The application of lung ultrasonography is increasingly gaining popularity 
globally in critical care medicine; nevertheless, a standardized training model is 
needed. Moreover, in several residency programs, the utilization of ultrasonography 
is optional rather than mandatory.

There are different programs regarding lung ultrasound. Four levels of expertise 
have been described: The fundamental level consists of a straightforward identifica-
tion of A-lines, B-lines, and consolidations [8]. An intermediate level may encompass 
pleural movement analysis (sliding, lung pulse, lung point) and supplementary skills 
such as pleural effusion quantification, air-bronchogram analysis, and a systematic 
diagnostic approach to acute respiratory failure; advanced knowledge may involve 
quantitative lung ultrasound as a monitoring instrument (calculation of lung ultra-
sound score and ventilator-associated pneumonia lung ultrasound score); and the 
expert level incorporates both qualitative and quantitative lung ultrasound in the clin-
ical management of acute respiratory failure patients and as a guide for mechanical 
ventilation strategy. Clinical investigation must validate this hypothesis. Achieving 
sufficient training, which is now lacking, is also a topic of uncertainty [9].

3. �Protocols

There are different protocols to approach the lung systematically in critical care 
medicine, and the scale most used is the lung ultrasonography scale (LUS). COVID-19 
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was involved in many publications of lung ultrasound; certainly, one of the protocols, 
like 12-zone ultrasound scanning, appears to be the ideal protocol for identifying 
disease severity [10]. Some of the challenges are to demonstrate a reduction in mortal-
ity using personalized mechanical ventilation guided by ultrasound in patients with 
acute respiratory distress syndrome, using a 12-point LUS exam [11]. Conceivably, 
the protocol using 12 points might be the standard of lung approach systematically in 
the intensive care unit at the bedside, to know daily changes. The following series of 
images, which show heterogeneous findings in a patient with COVID-19 pneumonia, 
illustrates how our institution routinely follows this protocol (Figure 1). However, 
this protocol uses transthoracic probes.

4. �Transesophageal lung ultrasound (TELUS)

Transesophageal lung ultrasonography is mostly used in critical care medicine 
when transthoracic lung ultrasound does not provide enough image quality to resolve 
a clinical question. In this case, without contraindications, TELUS often produces 
satisfactory image quality. TELUS is often used when patient-related concerns, like 
obesity, significant edema, substantial musculature, chest wall considerations, or the 
difficulties in positioning the patient for sufficient transtoracic lung imaging, occur.

One advantage of TELUS is its capacity to properly scan the posterior lungs of a 
supine patient with severe sickness; hence, accessing places is usually difficult to see 
by transthoracic ultrasonography. Often, during a typical transthoracic exam in the 
supine patient with severe illness, the dependent areas of the lungs (inferoposterior) 
and the blind spots produced by the scapulae (superoposterior) are inaccessible with 
transthoracic ultrasound. Advanced applications of TELUS encompass real-time 
imaging to facilitate interventions, including drainage catheter placement and venti-
lator recruitment maneuvers. Concerning the latter, TELUS can facilitate the detec-
tion of lung recruitment through the application of positive end-expiratory pressure 

Figure 1. 
Depicts a 12-point LUS in a patient with ARDS and pneumonia. Heterogeneous findings. Numbers: 1, 2, 8 A 
lines. Numbers: 3, 5, 9, and 10 B lines. Number: 4 A-B lines. Number: 7 subpleural consolidation and B lines. 
Numbers: 6, 11, 12 air bronchogram—consolidated lung. Image created by the author.
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in acute respiratory distress syndrome while simultaneously evaluating right and left 
ventricular function as part of heart-lung interactions, such as cor pulmonale [12]. 
The use of TELUS has been described in hypoxemic patients with COVID-19 in an 
emergency scenario, approaching diagnosis and guiding mechanical ventilation [13].

TELUS provides a complimentary lung imaging method, transthoracic lung 
ultrasound, for the point-of-care evaluation of respiratory failure. The short effort 
and time required to get significant information, particularly about the lung bases, 
renders TELUS easily integrable for the bedside physician during critical care 
transesophageal echocardiography (TEE). As other centers implement critical care 
TEE, it will be crucial to investigate its incremental effects on a larger scale. The 
indications for TELUS are patient-dependent. The most common indications include 
differential diagnosis of acute hypoxemia, differential diagnosis of reduced respira-
tory system compliance, qualitative and quantitative evaluation of suspected pleural 
effusion, monitoring the impact of ventilator settings and prone positioning in 
ARDS, and assessing extravascular lung water to inform fluid and diuretic therapy. 
Contraindications to TELUS, include esophageal pathologic features, recent upper 
gastrointestinal surgery, and bleeding tendency [12, 14].

4.1 Lung examination

It is necessary to separate each lung along the craniocaudal axis into apical, middle, 
and basal regions. The origin of the left subclavian artery is used as a landmark to 
identify the apical regions. The superior pulmonary veins are used to mark the middle 
regions. Finally, the inferior vena cava is right atrial. From a cardiocentric starting posi-
tion at 12:00, the TEE probe is rotated counterclockwise to examine the left lung, with 
continued rotation to examine the right lung until a full rotation is completed [12].

Our institution uses TELUS alongside TEE, particularly in challenging scenarios, 
as illustrated in the following figures, which depict a patient with cardiogenic shock 
who subsequently develops pneumonia and pleural effusion. As mentioned, the 
left lung is easier to acquire images of because the aorta offers a better beam view. 
Figure 2 shows the posterior base, Figure 3 shows the posterior medium, and 
Figure 4 shows the posterior apical region.

Figure 2. 
Aortic view. Air bronchogram. Hyperechoic air bubbles trapped in bronchi are seen surrounded by lung 
consolidation and pleural effusion. Image created by the author.
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Figure 3. 
B line and thickened pleural line. Image created by the author.

Figure 4. 
Air bronchogram and consolidation. Image created by the author.

Figure 5. 
Consolidation and pleural effusion. Image created by the author.
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Figure 6. 
Air bronchogram and consolidated lung. Image created by the author.

Figure 7. 
Pleural effusion and atelectasis. Image created by the author.

Nonetheless, the right lung may present greater challenges due to the proximity of 
the esophagus to the dorsal vertebrae. Otherwise, it can be seen in certain respiratory 
diseases. Figure 5 shows the posterior base, Figure 6 shows the posterior medium, 
and Figure 7 shows the posterior apical.

5. �Future directions

5.1 ARDS and mechanical ventilation

Since the relevance of lung ultrasound in the diagnosis of respiratory diseases 
[15] was the cornerstone for advancing the use of lung ultrasound. LUS is also 
helpful in conditions most prevalent in low-income settings; for instance, one of 
the causes of death in malaria is ARDS. Furthermore, the Kigali modifications of 
the Berlin criteria have helped to diagnose ARDS by allowing ultrasound to identify 
bilateral pulmonary edema instead of chest radiography or tomography [16]. For this 
reason, LUS will be more available in the future in these settings around the world. 
The LUS score may be used effectively to assess the need for surfactant replacement 
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therapy or mechanical ventilation in newborns experiencing respiratory distress 
[17]. Likewise in adults needs to be validated the use of lung ultrasound-guided 
mechanical ventilation in ARDS [11].

5.2 Artificial intelligence

Some of the challenges in LUS are identifying B-lines; for this reason, there are 
different software programs that can be helpful. The use of artificial intelligence 
introduces objectivity, improves inter-rater reliability, and enhances quality assur-
ance with good sensibility and specificity in the context of A and B lines; however, 
it is necessary to add tools to identify lung sliding and consolidations [18]. Deep 
learning models applied to analysis have shown that deep learning algorithms are 
able to perform at a high level of accuracy [19]. Innovative artificial intelligence 
methodologies must be established to deliver real-time feedback to users during 
imaging sessions. Artificial intelligence possesses significant potential to enhance the 
quality of LUS images and to assist the operator during the acquisition process [20]. 
For instance, it has been demonstrated that trained healthcare professionals aided by 
artificial intelligence achieved comparable performance to expert LUS users in acquir-
ing images meeting diagnostic standards following brief software-focused training 
[21]. Moreover, in pleural effusion, deep learning models are accurate compared to 
the algorithm and experts [22]. Nevertheless, the pleural line automatic recognition 
algorithm automatically finds the pleural line and works just as well as bedside chest 
X-ray for diagnosing pneumothorax and is more convenient and quicker [23].

6. �Conclusions

Every intensive care unit around the world should consider using lung ultrasound 
due to its low cost, benefits in low-income settings, and superior diagnostic capabili-
ties compared to other options. Furthermore, different approaches like TELUS need 
to be a mandatory part of the academic residency program of critical care medicine. 
Meanwhile, the use of artificial intelligence in lung ultrasound enhances the inter-
rater reliability of the observer.
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Chapter 5

Intensive Care Management of 
Stroke
Hussain Ayyaz and Saskin Vitaly Alexandrovich

Abstract

Stroke is a leading cause of disability and mortality worldwide. The management 
of stroke involves several important stages, including prehospital, hospital, and 
outpatient care. The hospital phase of stroke management begins with critical care 
in many countries. Recent advances in clinical research and critical care have led to 
significant improvements in stroke management. In this chapter, we will discuss the 
current definition, classification, pathogenesis, and management of different types 
of stroke in the critical care setting. We will discuss the algorithm for the manage-
ment of different types of stroke. The current practice of intravenous thrombolysis, 
mechanical thrombectomy in ischemic stroke and subarachnoid hemorrhage will be 
discussed.

Keywords: ischemic stroke, intracerebral hemorrhage, subarachnoid hemorrhage, 
intracranial aneurysm, intravenous thrombolysis

1. �Introduction

Cerebrovascular diseases constitute a significant public health concern, constitut-
ing a worldwide epidemic that poses substantial threats to the life and well-being of 
the global population [1–4].

According to the World Health Organization, stroke is characterized as the sudden 
onset of clinical symptoms indicative of focal or diffuse brain dysfunction, which 
persist for more than 24 hours or result in death, provided that no alternative causes, 
other than those of cerebrovascular origin, can be identified [5].

This definition encompasses all types of strokes, including ischemic, hemorrhagic 
stroke (subarachnoid hemorrhage and intracerebral hemorrhage), and strokes not 
classified as either hemorrhagic or ischemic.

Stroke outcomes are affected by various factors, and many patients require criti-
cal care both in the early and late stages of stroke [6–8]. The primary objectives of 
admission to specialized intensive care for stroke patients include treatment, as well 
as diagnosis, prophylaxis, and treatment of specific complications. Stroke patients 
require a personalized therapeutic strategy considering various factors such as the 
size and location of hemorrhage and ischemic lesions, the hemodynamic status, and 
severity of neurological impairment using the National Institute of Health Stroke 
Scale (NIHSS).
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Core principles of intensive care of stroke patients are:

1.	Management of acute revascularization period of ischemic stroke

2.	Hemodynamic optimization

3.	Airway management and ventilatory support

4.	Management of cerebral edema and intracranial hypertension

5.	Supportive care

2. �Management of acute revascularization period ischemic stroke

The acute vascularization of ischemic stroke can be achieved through intravenous 
thrombolysis or mechanical thrombectomy, or a combination of both methods.

Commonly used intravenous thrombolytic drugs include recombinant tissue 
plasminogen activator (rt-PA) (such as alteplase and tenecteplase) and recombinant 
non-immunogenic Staphylokinase [9–11].

According to current American Heart Association (AHA)/ASA guidelines, intra-
venous thrombolysis (IVT) is recommended for eligible patients within 4.5 hours of 
symptom onset of ischemic stroke [12–14]. Mechanical thrombectomy (MT) alone 
is recommended if IVT is contraindicated. MT + IVT is standard for large vessel 
occlusion (LVO) patients within 6 hours. MT ≤24 h is indicated in select patients with 
imaging mismatch (e.g., WAKE-UP Stroke, DWI/FLAIR mismatch, and DAWN/
DEFUSE-3 criteria) [15–21].

The primary method for objectively monitoring intravenous thrombolysis (IVT) 
is through repeated CT scans or high-field MRI. This should be conducted 24 hours 
after the thrombolytic procedure in all patients, or immediately if clinical signs of 
deterioration are observed. Evaluate neurological status during IVT and for 24 hours 
after its completion. Recommended NIHSS assessment frequency: every 15 minutes 
during thrombolytic administration (1 hour); every 30 minutes for the next 6 hours; 
every 60 minutes until 24 hours post-procedure [22–24].

In the context of IVT, a reduction of at least 4 points or more on the NIHSS scale 
within 24 hours is considered a “successful recanalization” or modified Thrombolysis 
In Cerebral Infarction (mTICI) 2b or 3. This parameter serves as a primary criterion 
of the effectiveness of IVT [14, 25, 26].

2.1 Blood pressure management during acute revascularization period

During IVT and the first 24 hours, continuous monitoring blood pressure is rec-
ommended. If systolic BP exceeds 185 mmHg and/or diastolic BP exceeds 110 mmHg 
during IVT, the procedure should be paused, and efforts should be made to reduce the 
blood pressure below these limits. If successful, IVT can be continued once the BP is 
within the acceptable range [14, 27].

The use of oral and sublingual dosage forms is not preferred for managing hyper-
tension due to their inability to provide a controlled and rapid hypotensive effect [14, 
27]. Intravenous antihypertensive drugs are recommended in such cases (Table 1).
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Drug Stroke Context Dosing Protocol Max Dose Key Considerations

First-Line Agents

Urapidil Ischemic 
hemorrhagic

Bolus: 12.5–25 mg IV
Infusion: start 5 mg/h

40 mg/h α₁-blocker with 
central 5-HT1A 

agonism; used in 
Europe/Asia [28].

Labetalol Ischemic 
(thrombolysis)

Bolus: 10–20 mg IV 
over 1–2 min; repeat 

every 10 min

300 mg 
total

α/β-blocker; first-line 
for IVT candidates 

[14, 27, 29].
Avoid in asthma, 

heart failure patients.

Hemorrhagic Infusion: 2–8 mg/min 300 mg/
day

Nicardipine Hemorrhagic Start at 5 mg/h; titrate 
by 2.5 mg/h every 

15 min

15 mg/h Dilute to reduce 
phlebitis risk; 
preferred for 
titratability.

Ischemic 
(thrombolysis)

Start at 5 mg/h 15 mg/h

Clevidipine General hypertensive 
emergency

Start at 1–2 mg/h IV; 
titrate by 1–2 mg/h 

every 5–10 min

32 mg/h Rapid onset; 
preferred for labile 

BP.

Nimodipine Hemorrhagic 
(Prophylaxis 
of vasospasm 

after aneurysmal 
subarachnoid 

hemorrhage) [30];

1 mg/hour (5 mL/h) 
first 2 hours, after 

2 hours 2 mg/
hour (10 mL/h) 
(Alternative for 

patients who 
cannot tolerate oral 

medications)

Must be administered 
through a central line.

Alternatives and second Line

Enalaprilat Ischemic and 
hemorrhagic

1.25 mg IV over 5 min, 
repeat every 6 hrs.

5 mg total ACE inhibitor; 
prevent hypovolemia 

to reduce the risk 
of a significant 
hypotension.

Esmolol Tachycardia-
associated

Bolus: 500 μg/kg IV 
over 1 min; Infusion: 
50–300 μg/kg/min

N/A Ultra-short acting; 
avoid in heart block.

Nitroprusside Refractory 
hypertension

Start at 0.25 μg/kg/
min; titrate every 

5 min

10 μg/kg/
min

Monitor for cyanide 
toxicity (max 4-hour 

use)

Azamethonium 
bromide

Ischemic and 
hemorrhagic

0–150 mg IV infusion, 
titrate to effect

450 mg/
day

Rarely used; 
historical interest 

(ganglionic blocker).

Hydralazine Ischemic and 
hemorrhagic

10–20 mg IV, repeat 
every 15 min (max 3 

doses)

60 mg total Direct vasodilator; 
may cause reflex 

tachycardia.

Table 1. 
Intravenous antihypertensive drugs in acute period of stroke.
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There are additional potential complications associated with thrombolytic 
therapy, including anaphylactoid reactions and arterial hypotension. Anaphylactoid 
reactions during intravenous thrombolysis are often related to the concurrent use 
of ACE inhibitors or prior administration of drugs from this group. The occur-
rence of anaphylaxis requires immediate discontinuation of thrombolytic therapy. 
Management includes the use of H1-antihistamines, and glucocorticosteroids may 
be indicated in severe cases. Adrenaline is recommended for anaphylactic shock; 
however, its use should be minimized in other situations due to the increased risk of 
intracerebral hemorrhages associated with hypertension [14, 27].

2.2 Hemorrhagic complications of IVT

Monitoring indirect signs of cerebral hemorrhagic complications is essential. 
These signs include a significant deterioration in the patient’s neurological status (an 
increase in the total NIHSS score ≥ 4 points or an increase of >2 points from baseline) 
occurring during or within 24–36 hours after IVT, as well as the onset of meningeal 
signs (neck muscle stiffness, Bekhterev’s zygomatic syndrome, Kernig’s symptom, 
Brudzinsky, Mondonesi, Mendel, etc.). Signs of intracranial hemorrhage are criteria 
for stopping thrombolytic therapy immediately and conducting an urgent CT scan 
[14, 26, 27, 31, 32].

Sites of extracranial bleeding are:

•	 Damaged Skin: Includes any cuts, abrasions, wounds, surgical sites, IV-line inser-
tion sites, sites of recent blood draws, intramuscular injection sites) – these are 
common points for oozing or hematoma formation under thrombolysis [33–35].

•	 Genitourinary Tract (Bladder/Kidneys): Hematuria, bleeding from urinary 
catheter insertion sites [33–35].

•	 Gastrointestinal Tract: Hematemesis, blood in stool, can be melena or hema-
tochezia, blood via nasogastric/orogastric tube: aspiration of blood or coffee-
ground material from the stomach.

•	 Hidden hematomas: particularly those resulting from falls or trauma in the prehospi-
tal stage, should be monitored for signs such as unexplained pain, swelling, or bruis-
ing at potential trauma sites (e.g., flank, thigh, back, and abdomen). Also, watch 
for indicators of compartment syndrome (severe pain, pallor, paresthesia, paralysis, 
pulselessness) in an extremity, unexplained decreases in hemoglobin/hematocrit, 
and tachycardia or hypotension that may suggest internal blood loss [36–38].

The occurrence of life-threatening bleeding is an indication for the immediate 
cessation of thrombolytic therapy [10, 14, 27, 37, 39].

3. �Hemodynamic optimization

3.1 Maintaining cerebral perfusion

Maintaining adequate cerebral perfusion is a key goal of intensive care manage-
ment for patients with ischemic stroke. However, identifying the optimal blood 
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pressure range during intensive care for these patients is still an unresolved issue. 
Increasing blood pressure through infusion therapy and the use of vasopressors can 
improve cerebral blood flow, brain oxygenation, and metabolic processes. On the 
other hand, this intervention may be associated with various potential complications, 
including acute respiratory distress syndrome and myocardial injury.

Maintaining blood pressure within MAP of >70 mmHg is essential to balance 
improved cerebral perfusion and the risk of cardiovascular and pulmonary complica-
tions in patients with ischemic stroke without reperfusion therapies. This strategy 
aims to enhance patient outcomes and ensure safer intensive care for ischemic stroke 
patients. Patients with long-term hypertension may require a different blood pressure 
target.

3.2 Hypertension management

Elevated blood pressure is frequently observed in the early stages of ischemic 
stroke, as it helps to sustain cerebral perfusion, particularly in the affected areas of 
the brain [29, 40–43].

Evidence suggests that a decrease in blood pressure during the initial hours 
following ischemic stroke is correlated with poor neurological outcome. Conversely, 
excessively elevated blood pressure levels are also considered potentially hazardous 
[29, 44].

Current guidelines recommend that the patient who is not undergoing intravenous 
thrombolysis have their arterial blood pressure reduced to below 220/120 mmHg 
within the first 24 hours following the onset of ischemic stroke [14, 44].

3.3 Blood pressure management in intracerebral hemorrhage (ICH)

Optimal blood pressure levels in patients with acute hemorrhagic stroke are unde-
termined due to conflicting views. While high blood pressure can worsen outcomes 
by increasing hematoma size, it may also help maintain cerebral perfusion. Lowering 
blood pressure has shown mixed results; some studies suggest it reduces hematoma 
growth, but larger studies have not confirmed significant benefits from aggressive 
reduction [42, 43, 45, 46].

However, the Expert consensus statement the European Stroke Organization in 
the 2025 guidelines recommends targeting systolic blood pressure below 140 mmHg 
within 6 hours for minor to moderate ICH patients (hematoma volume < 30 ml). 
For patients with a large volume of ICH (over 30 ml) and high initial systolic blood 
pressure (>220 mmHg), or if surgery is planned, blood pressure reduction should be 
approached with caution. The blood pressure-lowering treatment should ideally start 
within the first 2 hours of symptom onset [43, 44].

3.4 Antihypertensive drugs used in stroke

Intravenous short-acting antihypertensive medications are recommended in the 
acute phase of stroke, due to their ability to rapidly and effectively control blood 
pressure [14, 29, 41–43].

Oral antihypertensives are generally avoided in the initial hours of acute stroke 
management when significant blood pressure reduction is required, due to their slow 
and unpredictable effects as well as challenges with titration. These medications 
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become more relevant later for transitioning to maintenance therapy once the 
patient’s condition has stabilized [29, 41–43, 46].

The selection of antihypertensive medications and the appropriate duration of 
treatment remain unclear and under investigation. To achieve a rapid and sustained 
antihypertensive effect while mitigating the risk of excessive hypotension, it is advis-
able to administer drugs with rapid onset of action and shorter duration of action. 
Some of these drugs and their doses are summarized in Table 1.

3.5 �Management of cerebral vasospasm and cerebral ischemia in subarachnoid 
hemorrhage

•	 The administration of calcium channel blockers, specifically nimodipine, is advised 
prophylactically prior to the onset of instrumental or clinical indications of vaso-
pasm, as its efficacy is limited to prevention and it is ineffective once vasospasm 
has developed. Nimodipine may be prescribed orally at a dosage of 60 mg every 4 
hours or via continuous intravenous infusion. Contraindications include known 
hypersensitivity to the drug and a predisposition to persistent arterial hypotension.

•	 Maintenance of normovolemia should be achieved through the controlled 
administration of colloid and crystalloid solutions, with monitoring of central 
venous pressure (CVP) and urine output.

•	 Currently, there are no proven therapies for established vasopasm. Management 
should focus on supporting cerebral perfusion, including the prevention of 
hypotension and hypovolemia, maintenance of appropriate electrolyte balance, 
and reduction of intracranial pressure (ICP).

•	 Triple-H therapy (hypervolemia, hemodilution, hypertension) is not recommended 
during the preoperative period. Furthermore, the efficacy of antioxidants and anti-
inflammatory agents, including hormonal drugs, has not been substantiated.

3.6 Fluid infusion

The choice of fluid infusion depends on a detailed assessment of the patient’s 
intravascular volume status. Both colloid and crystalloid solutions are used for fluid 
infusion therapy. Crystalloids (e.g., 0.9% saline, lactated Ringer’s) are first line 
for most cases due to lower cost and wider availability. Colloids (e.g., albumin and 
hydroxyethyl starch) may be considered in specific scenarios (e.g., severe hypoalbu-
minemia and capillary leak), but their use is limited by cost, potential renal/hepatic 
effects, and lack of proven mortality benefit [30, 42–44, 47].

The typical maintenance fluid requirement is 30–40 mL/kg/day (adjusted for 
age, weight, comorbidities). Additionally, insensible losses (respiration, perspiration 
~500 mL/day), fever (+10–15% per °C above 38°C), drains, polyuria, diarrhea, or 
vomiting should be considered. Subtract enteral intake from total fluid requirements 
to avoid overhydration [14, 30, 43].

The main goals of fluid therapy are to maintain euvolemia and achieve zero water 
balance. These are assessed using clinical indicators like blood pressure, capillary 
refill time, urine output, lactate levels, and central venous pressure if possible. Daily 
fluid intake should match fluid output, monitored by intake/output records and daily 
weight changes [14, 30, 42–44].
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4. �Airway management and ventilatory support

The primary goals of respiratory support in patients with stroke are to achieve 
adequate arterial oxygenation (SpO2 ≥ 94%, PaO2 70–100 mmHg) and maintain nor-
mocapnia (PaCO2 35–45 mmHg) under conditions of minimal intrathoracic pressure 
[14, 30, 31, 42–44, 48].

Indications for endotracheal intubation and mechanical ventilation in patients 
with stroke include: [14, 30, 31, 42, 47, 48].

•	 Reduced level of consciousness and coma (Glasgow Coma Scale score ≤ 8);

•	 Apnea;

•	 Irregular breathing patterns, or agonal respiration;

•	 Tachypnea exceeding 30 breaths per minute, not attributable to hyperthermia or 
severe unresolved hypovolemia;

•	 Clinical signs of hypoxemia and/or hypercapnia (PaO2 < 60 mmHg, SpO2 < 90%, 
PaCO2 > 55 mmHg);

•	 Uncontrolled status epilepticus.

Indications for Tracheostomy

•	 Consider if mechanical ventilation is expected to exceed 48 hours.

•	 Benefits: Reduced sedation needs, improved comfort, lower risk of ventilator-
associated pneumonia (VAP).

4.1 Mechanical ventilation in stroke patients

Ventilator Settings for Optimal Gas Exchange.

Tidal volume (VT): 7–8 mL/kg ideal body weight [43, 44, 48].
Respiratory rate: Adjusted to maintain normocapnia (PaCO2 35–45 mmHg).
PEEP: ≥5 cmH2O (prevents atelectasis).
FiO2: 30–50% (titrated to SpO2 ≥ 92%).
�Humidification: Essential to avoid airway drying (use heat-moisture exchangers 
filters or heated humidifiers).

4.2 Acute lung injury (ALI) or ARDS management

Lung-protective ventilation:

Tidal volume > 4–6 mL/kg IBW [48, 49].
Peak airway pressure < 35 cm H2O; mean pressure < 27 cm H2O.
Flow pattern: Decelerating waveform (peak flow 40–70 L/min).
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Rescue therapies for refractory hypoxemia:

•	 Prone positioning (improves V/Q matching).

•	 Alveolar recruitment maneuvers (transiently increase PEEP).

•	 High MAP (individualized hemodynamic monitoring).

Non-Invasive Ventilation (NIV).
Respiratory failure without absolute intubation criteria is the main indication of 

NIV [14, 30, 43, 44].
Advantages:

•	 No sedation required.

•	 Preserves cough/swallowing.

•	 Reduces VAP risk.

Contraindications:

•	 Coma/stupor, bulbar dysfunction (aspiration risk).

•	 Absent cough reflex, facial trauma/sinusitis.

Weaning and Extubation Criteria.
Prerequisites:

•	 Stable hemodynamics.

•	 Adequate spontaneous breathing (e.g., passed spontaneous breathing trial).

•	 Normal cough/gag reflex (assessed via endoscopic vocal cord exam or dye 
swallow test).

5. �Management of cerebral edema and intracranial hypertension

5.1 Intracranial hypertension/cerebral edema

Ischemic cytotoxic injury can trigger cellular swelling via excitotoxicity, free 
radicals, and calcium influx. Raised intracranial pressure (ICP) worsens ischemia and 
edema, accelerating secondary injury [50–53].

Malignant cerebral edema is characterized by life-threatening ICP elevation and 
herniation risk which has Incidence 2–8% and mortality is 40–80% [14, 43, 54, 55].

Key predictors of malignant cerebral edema are ≥50% middle cerebral artery terri-
tory involvement on brain imaging, infarct volume > 82 cm3 within 6 hours of onset 
of the symptom onset and large hemispheric infarct (supratentorial) [14, 43, 54, 55].

Medical Management of Raised ICP.
Optimize Physiology: [14, 30, 42–44].

•	 Head elevation 30°, midline position.
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•	 Minimize PEEP (ventilated patients).

•	 Avoid hypo-osmolar fluids.

•	 Maintain sedation/analgesia (prevent coughing/bucking).

•	 Aggressive fever control.

Hyperosmolar Therapy (Individualized):
Hypertonic normal saline or mannitol is usually used for the medical treatment of 

edema and high ICP. However, insufficient evidence for the routine use of mannitol or 
hypertonic normal saline in AIS-related malignant edema [14, 30, 42, 43].

Use tailored to the patient profile.
ICP Monitoring:

•	 Consider as part of multimodal monitoring in ICU.

•	 Limited evidence for routine use in acute ischemic stroke; not standard [14].

5.2 Hyperosmolar therapy in intracranial hypertension

Hyperosmolar therapy is commonly used to treat brain edema and intracranial 
hypertension in patients with conditions such as traumatic brain injury, ischemic 
stroke, intracranial hemorrhages, and hepatic encephalopathy. The primary mecha-
nism of action involves creating an osmolar gradient between brain tissues and the 
vascular bed, which facilitates the removal of fluid from the cranial cavity and results 
in a reduction in ICP [30, 42–44, 53].

Hyperosmolar therapy involves the use of hypertonic sodium chloride solu-
tions, with different concentrations, such as 3.0, 7.5, and 23.4%, as well as mannitol 
with concentrations between 5 and 25%. The effects of hypertonic sodium chloride 
typically begin within 5 minutes and can last up to 12 hours. Mannitol’s effects start 
within 10–20 minutes after administration and last for 4–6 hours [30, 42–44, 53].

5.3 Surgical management (decompressive hemicraniectomy - DHC)

The primary goal of DHC is to reduce mortality by relieving ICP and preventing 
herniation.

DHC reduces mortality and poor outcomes if performed within 48 hours. And no 
benefit if delayed to 96 hours [14, 30, 43, 55].

DHC consistently reduces mortality by ~50% but survivors often have major dis-
ability. Benefits are time-dependent and age-dependent [14, 30, 43, 55].

6. �General supportive care

6.1 Blood glucose control

Both hypoglycemia and hyperglycemia have weak correlations with neurologi-
cal outcomes in stroke. The SHINE trial showed that an intensive intravenous 
insulin protocol aimed at maintaining glucose levels between 80 and 130 mg/dL 
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(4.44–7.21 mmol/L) resulted in less favorable 90-day outcomes than a sliding scale 
insulin regimen, which targeted 80–179 mg/dL (4.44–9.93 mmol/L). Current 
guidelines recommend keeping blood glucose levels between 8 and 10 mmol/L 
[14, 30, 42, 43, 56].

6.2 Seizures

Early seizures can occur within 7 days of ischemic stroke, often due to acute 
metabolic or ischemic changes. Late seizures can be observed in some patients after 
7 days and are more likely due to structural changes, gliosis, or epileptogenesis [14, 
30, 42, 43].

Risk factors for post-stroke seizures include:

•	 Higher severity of stroke (large infarcts, higher NIHSS score)

•	 Cortical localization (frontal, parietal, or temporal lobes involvement)

•	 Hemorrhagic transformation (increases brain tissue irritability)

•	 Younger age (higher risk compared to older adults, possibly due to increased 
neuronal excitability)

Recommended Antiepileptic Drugs (AEDs):

•	 Levetiracetam, lamotrigine, and lacosamide are preferred for their favorable 
safety profiles, fewer drug interactions, and minimal sedation. They also have a 
lower risk of exacerbating post-stroke cognitive deficits compared to older AEDs 
like phenytoin or valproate [14, 43].

•	 It is advisable to avoid enzyme-inducing AEDs (e.g., phenytoin and carbamaze-
pine) in elderly patients or those on multiple medications.

The American Heart Association (AHA) advises against the use of prophylactic 
antiepileptic drugs due to the lack of proven benefit in preventing late seizures and 
the potential for increased side effects [14].
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Chapter 6

Eye Care in the Intensive Care Unit
Negin Sanadgol, Daniel Pethers, David Merle 
and Mertcan Sevgi

Abstract

Critically ill patients in the intensive care unit (ICU) are especially at high risk 
of ocular surface damage due to sedation, mechanical ventilation, and impairment 
of protective eye mechanisms (e.g., reduced blink reflex and tear production). 
Inadequate eye care can lead to exposure keratopathy, a corneal surface drying and 
epithelial breakdown from incomplete eyelid closure, which can affect over half 
of mechanically ventilated ICU patients in the UK and may progress to corneal 
ulceration (microbial keratitis) with corneal scarring or even permanent vision loss. 
Although largely preventable with simple measures, eye care is often overlooked 
in ICU settings amid the focus on acute life-threatening conditions. Recognising 
this risk, clinical guidelines (e.g., from the Royal College of Ophthalmologists and 
Intensive Care Society) advocate routine eye assessments and prophylactic interven-
tions (such as frequent lubricating ointment application and eyelid taping) to main-
tain corneal moisture and integrity and prevent ICU-related ocular complications. 
Evidence-based protocols and staff education have demonstrated substantial benefits, 
dramatically reducing the incidence of exposure keratopathy to less than 5%. Vigilant 
eye care is therefore a simple yet critical preventive intervention in the ICU that 
mitigates the risk of exposure keratopathy and corneal ulcers, thereby safeguarding 
vision and improving patient outcomes.

Keywords: eye care, ophthalmology, ICU, intensive care, exposure keratopathy, vision, 
eye care protocol

1. �Introduction

Ophthalmic complications frequently occur in critically ill patients yet often
receive less attention than other organ-system issues. In the ICU setting, where the 
priority is maintaining vital functions and preventing life-threatening events, the 
eyes can be inadvertently overlooked. Exposure keratopathy, the most common 
ICU-related ocular surface disorder, occurs when the tear film and eyelids fail to 
fully protect the cornea, leading to surface drying and small breaks in the epithelium 
(punctate erosions). It affects 20–42% of ICU patients and may reach 60% in those 
sedated for more than 48 hours [1]. Without preventive care, impaired tear produc-
tion, lagophthalmos (incomplete eyelid closure), and reduced blinking rate can lead 
to discomfort, infection, scarring, and, in severe cases, permanent vision loss.
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Most of these complications are avoidable with straightforward, cost-effective 
interventions [2, 3]. This chapter reviews the anatomy and physiology of the ocular 
surface, highlights ICU-specific risk factors, and presents a practical, protocol-based 
framework for assessment, monitoring, and prevention. Aimed at non-ophthalmic 
clinicians, it emphasises the integration of “eye checks” into existing nursing routines, 
a simple grading system for eyelid closure, evidence-based lubrication and lid-closure 
techniques, and clear criteria for ophthalmology referral. By adopting these strategies, 
ICU teams can reduce ocular morbidity and help preserve patients’ vision.

2. �Understanding the ocular surface unit: From normal function to  
ICU-related pathophysiology

To effectively prevent and manage eye disease in critically ill patients, it’s impor-
tant to understand the eye’s normal protective mechanisms. This understanding 
clarifies how critical illness and ICU interventions can disrupt this delicate balance, 
leading to the ocular surface complications frequently seen in this setting.

Under normal conditions, several coordinated mechanisms safeguard ocular 
health [4]:

1.	Continuous tear production lubricates the ocular surface and provides antimi-
crobial defence.

2.	Blinking spreads tears evenly and clears debris.

3.	Eyelid closure protects the cornea from mechanical injury and prevents evapora-
tion during rest.

4.	Bell’s phenomenon (upward rotation of the eyeballs during eyelid closure) offers 
an additional layer of protection.

5.	Intact corneal sensation triggers reflex tearing and blinking in response to 
irritation.

These functions are not isolated but reflect the integrated operation of the Ocular 
Surface Unit—a complex, functional system essential for maintaining clear vision 
and defending the eye from external insults. This unit is not merely a collection of 
separate structures but a complex, integrated set of anatomical and functional com-
ponents. It includes the cornea, conjunctiva, eyelids, eyelashes, tear film, and both 
the main and accessory lacrimal glands, as well as the meibomian glands (Figure 1). 
The lacrimal glands produce the aqueous layer of the tear film, while the meibomian 
glands contribute its lipid layer, and the tear film itself acts as a protective barrier 
and nutrient medium. Together, these structures work in concert to maintain surface 
integrity, lubrication, optical clarity, and immunological defence.

Disruption to any part of this delicate system can compromise the entire unit, 
predisposing patients to ocular surface disease (OSD), exposure keratopathy, chemosis 
(conjunctival swelling), and Microbial conjunctivitis and keratitis [6]. In the ICU, crit-
ical illness and its management can significantly disturb this balance. Understanding 
the structure and function of the Ocular Surface Unit is therefore essential for effective 
prevention and management of eye disease in critically ill patients [7].
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2.1 Tear film

The tear film as a key component of the ocular surface unit is a trilaminar fluid 
layer that covers the cornea and conjunctiva. It consists of:

•	 An outer lipid layer that reduces evaporation and stabilises the tear film.

•	 A middle aqueous layer that provides moisture, oxygen, nutrients, and antimi-
crobial proteins.

•	 An inner mucin layer that enables even spreading of the tear film across the 
hydrophobic corneal surface.

The tear film is essential for ocular surface health. It lubricates the eye, provides 
a smooth optical surface, nourishes the avascular cornea, and serves as a primary 
defence against infection [11].

2.2 Cornea

The cornea is a transparent, avascular structure that forms the anterior surface 
of the eye, overlying the anterior chamber iris and pupil. Functioning as the eye’s 
principal refractive component, its smooth curvature is essential for directing 
incoming light onto the retina. The outermost layer, the corneal epithelium, serves as 
a primary barrier against microbial invasion and environmental insults. As the cornea 
lacks its own vasculature, the epithelium relies entirely on the tear film for hydration, 
oxygenation, and nutrient delivery, and on the eyelids for mechanical protection and 
tear distribution [14, 15].

Figure 1. 
This cross-sectional depiction of the precorneal tear film illustrates its three principal layers. (1) The mucin layer, 
located closest to the corneal surface and secreted by goblet cells in the conjunctiva, supports tear film stability by 
promoting water retention and increasing viscosity. (2) The aqueous layer, which makes up the majority of the 
tear film volume, is mainly produced by the lacrimal glands with contributions from the conjunctival epithelium. 
(3) The outer lipid layer, synthesised primarily by the meibomian glands, lowers surface tension and limits 
evaporation. Image credit: Sara Tellefsen Nøland [5].
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In the ICU, the cornea is highly vulnerable. Lagophthalmos and reduced blinking 
promotes tear film evaporation, causing dryness of the epithelial surface, which can 
lead to exposure keratopathy if left untreated. Damaged epithelial cells lose viability 
leading to increased susceptibility to microbial invasion. The cornea is also prone to 
direct mechanical injury, potentially resulting in superficial corneal abrasions.

2.3 Conjunctiva

The conjunctiva is a thin, transparent mucous membrane that lines the inner 
surface of the eyelids (palpebral conjunctiva) and folds back to cover the white part 
of the eye, the sclera (bulbar conjunctiva). It contains goblet cells that produce mucin, 
a key component of the tear film, and contributes to tear production, helping to 
lubricate the eye. It also plays a role in ocular immune defence. In critically ill patients, 
the conjunctiva is particularly prone to swelling or oedema, known as chemosis. This 
swelling can be dramatic, causing the conjunctiva to appear boggy and protrude 
between the eyelids, further hindering complete lid closure and exacerbating corneal 
exposure (Figure 2) [17].

2.4 Eyelids

The eyelids’ primary functions are to protect the globe from injury and excessive 
light, and crucially, to distribute the tear film evenly across the ocular surface through 
blinking. Complete closure during sleep or periods of rest is vital for preventing cor-
neal drying. In the ICU, eyelid function is frequently compromised. Reduced level of 
consciousness, sedation, and neuromuscular blockade significantly reduce or elimi-
nate the blink reflex and diminish the tone of the orbicularis oculi muscle, leading 
to lagophthalmos. Facial oedema, often associated with fluid resuscitation or prone 
positioning, can also mechanically prevent full closure. Lagophthalmos is a major risk 
factor for the development of exposure to keratopathy and subsequent complications.

Figure 2. 
Clinical image of a patient presenting with conjunctival chemosis [16].
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3. �Risk factors for ocular complications in ICU

Inability to fully close the eyelids, whether due to lagophthalmos or conjunctival 
chemosis, and a reduced blink rate are key contributors to ocular complications in 
ICU patients. Several factors compound this risk, including mechanical ventilation, 
particularly with high oxygen flow or elevated positive end expiratory pressure 
(PEEP), prone positioning to manage acute respiratory distress syndrome (ARDS), 
generalised oedema, and prolonged ICU stays. Recognising these risk factors is 
essential for identifying patients who require proactive ocular protection. For 
example, a deeply sedated, mechanically ventilated patient with eyelid swelling and 
exposed corneas is at significantly elevated risk and necessitates aggressive prophylactic eye 
care. In contrast, an alert, interactive patient is far less susceptible. Notably, the dura-
tion of sedation and ICU stay directly correlates with ocular risk, one study reported 
lagophthalmos in 17–75% of ICU patients and corneal epithelial defects in over half 
of those sedated for more than 48 hours. A clear understanding of these underly-
ing pathophysiological mechanisms is critical for implementing effective, targeted 
prevention strategies (Table 1) [18].

Categories Risk factors for ocular complications

Patient-related 
factors

Fluid maldistribution

Positive fluid balance, fluid overload states, and conditions causing low oncotic 
pressure can cause facial oedema, lid swelling and chemosis (a pronounced 
conjunctival oedema that prevents the lids from closing fully).

Altered level of consciousness (Low GCS)

Reduces blink rate and eye safety reflexes.

Systemic issues or Nerve dysfunction

Facial nerve dysfunction (e.g. from stroke or trauma) can impair eyelid function.

Treatment-related 
factors

Neuromuscular blocking agents or Sedatives

Reduces blink rate, impairs blink reflex and is precursor to lagophthalmos.

Diminishes the tonic contraction of the orbicularis oculi muscle necessary for 
complete closure.

Continuous positive airway pressure (CPAP) and oxygen masks

Air leaks around endotracheal tubes, CPAP/BiPAP masks, or high-flow nasal cannula 
can directly accelerate tear evaporation and dry the ocular surface.

Mechanical Positive Pressure Ventilation

Increased jugular pressure causes conjunctival oedema (chemosis) increasing risk of 
lagophthalmos.

Ventilating patients in prone position (face-down)

Direct injury during positioning

Gravitational force causing conjunctival oedema (chemosis) increasing risk of 
lagophthalmos. Rare complications of Ischemic optic neuropathy (ION) and acute 
angle-closure glaucoma (AACG).
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4. �Assessment and monitoring of eye health in the ICU

Routine assessment of the eyes should be part of daily ICU care, just like tracking 
vital signs or skin integrity. The challenge is that many ICU patients cannot report eye 
symptoms, so clinicians must rely on regular examinations. As a general guideline, 
inspect the patient’s eyes at least once every shift (i.e. at least every 8–12 hours) using 
a good light source. Detailed key components of ocular assessment in ICU include:

Alternate: Routine eye assessment is a standard of care in the ICU, much like vital 
signs or skin integrity checks. Many of these patients cannot report symptoms, clini-
cians are responsible for regular eye examinations, ensuring inspection with a good 
light source at least every 8–12 hours (once per shift). The key components of this 
ICU ocular assessment are as follows:

4.1 Inspect eyelid closure

The Royal College of Ophthalmologists and Intensive Care Society recommend 
documenting eyelid closure and eye appearance once per shift throughout the ICU 
stay [19]. Nurses or physicians should note whether the eyelids are fully closed, 
partially open, or fully open at rest. If lids are open, estimate the exposed extent (for 
example, “approximately 3 mm of cornea exposed”).

4.1.1 Grade lagophthalmos severity

If the patient cannot fully close their eyes, assess the severity of lagophthalmos.  
A simple grading system is used:

Categories Risk factors for ocular complications

ICU Environment-
related factors

Duration of ICU Stay

Increased length of stay associated with increased risk of OSD.

Challenging environmental conditions

Exposure to bright lights, low humidity, and frequent nursing interventions.

Adhesive tapes used to secure tubes or to tape eyelids may also injure the skin or cornea 
if improperly applied.

Critical care transfers are high-risk situations in which eye care can be overlooked, 
increasing the risk of ocular injury during transport.

Other Medications/Procedures

Unintentional contact of Topical medications like aerosolized bronchodilators (e.g. 
nebulized ipratropium bromide).

Cardiological drugs (e.g., Amiodarone, Beta-blockers) and antibiotics (e.g., Penicillin, 
Rifampicin, Metronidazole) can affect perfusion and lead to oedema and chemosis.

Anticholinergics reduce tear production.

Procedures such as endotracheal suctioning if unsecured can cause inadvertent trauma 
to the eye in the form of corneal scratches or Increased exposure to microorganisms.

Table 1. 
Key risk factors for ocular complications in critically ill patients involve disrupted protective mechanisms and 
are categorised into three interrelated groups: patient-related, treatment-related, and ICU environment-related 
contributing to ocular surface disease (OSD) [8, 9].
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•	 Grade 0: Complete eyelid closure at rest.

•	 Grade 1: Incomplete closure with exposure of the conjunctiva (sclera) only.

•	 Grade 2: Incomplete closure with any degree of corneal exposure (even if 
minimal).

This grading system directly guides preventive measures, with grades 1 and 2 
indicating a high risk of corneal drying and the need for appropriate intervention, as 
outlined in Table 2.

4.2 Observe for redness, swelling, discharge

Check for the presence of tearing, redness of the conjunctiva, cloudiness of the 
cornea, or any discharge. A penlight or flashlight held close can illuminate subtle 
corneal changes even if the patient’s eyes are only slightly open; additionally, gently 
lifting the upper eyelid can allow inspection of the cornea if needed, but this must be 
done carefully to avoid causing an abrasion. Documentation of findings is important, 
e.g. “Eyes closed and moist” or “Right eye partially open, cornea clear, lubricating 
ointment applied.”

4.2.1 Recognising ocular redness and corneal abnormalities

Ocular redness may signal irritation or infection. Diffuse conjunctival hyperaemia 
often indicates dryness or non-specific irritation (Figure 3A); however, marked 
redness accompanied by purulent discharge, such as crusting of the eyelashes or 
yellow secretions, arises strong suspicion for infectious conjunctivitis until ruled out 
as shown in Figure 3B. Chemosis, a gelatinous swelling of the conjunctiva, should 
be documented if present, as it increases the risk of exposure-related complications. 
Corneal clarity is a critical marker of ocular health with the normal cornea being 
transparent, any loss of clarity, including haze, dullness, or visible opacities, is abnor-
mal and may reflect oedema, epithelial breakdown, or early infection. In sedated or 
unresponsive patients, corneal haze may be the only external sign of a developing 
corneal ulcer. Any persistent corneal opacity should be treated as an ophthalmic emer-
gency and escalated promptly for specialist review.

4.3 Use of fluorescein dye

Nursing protocols in some ICUs allow fluorescein screening for corneal abrasions. 
For instance, if a patient has new conjunctival redness or evidence of exposed cornea, 
a fluorescein check can confirm an epithelial defect. Fluorescein strips (which are 
touched to a drop of saline then to the lower conjunctiva) are inexpensive and could 
be part of ICU supply. The dye will stain areas of missing epithelium bright green 
under cobalt blue light. However, care must be taken to moisten the strip adequately 
and avoid scratching the cornea during the test. In practice, many ICU teams will 
defer fluorescein exams to ophthalmology consultants unless they have specific 
training. At minimum, if an eye is red or suspicious, an order for an ophthalmology 
evaluation or at least fluorescein check is warranted. Some bedside exam tips: using 
a blue light, a corneal abrasion will glow bright yellow-green, whereas an intact cornea 
remains dark (as in Figure 4).
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Grade of Exposure/
Lagophthalmos Grading

Preventive Strategy Available Options Detailed Instruction Application Illustration

Grade 0 No prevention 
procedure is needed.

Grade 1
Conjunctival exposure with no 
corneal exposure

Lubrication of the 
Ocular Surface
+ Monitor corneal 
clarity each shift

•	 Artificial Tear Drops

Short duration due to evaporation within 
minutes. Thus, drops alone must be applied 
very frequently (every 1–2 hours) to be 
protective.

In conscious patients, provide 
education on hand hygiene, correct 
eye drop application, and the 
schedule of applying drops every two 
hours with ointment before bedtime 
if required.

•	 Lubricating Gels

•	 Ophthalmic Ointments

Liberal use of ointment lubricants into 
the eye four times daily e.g. simple eye 
ointment.

1. Clean the previous dried ointment 
and examine the eye abnormalities.
2. Liberal use of ointment by pulling 
the lower eyelid down with a finger 
and inserting the ointment over 
the top of the lower lid into the gap 
between the lid and the conjunctiva.
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Grade of Exposure/
Lagophthalmos Grading

Preventive Strategy Available Options Detailed Instruction Application Illustration

Grade 2
Conjunctival + Some Corneal 
exposure.

Lubrication of the 
Ocular Surface + 
Eyelid closure

•	 Manual closure A temporary measure done by 
Nursing Staff for a moment to 
re-spread tears or ointment.

•	 Eyelid Taping Using medical tape to secure the lids 
in a closed position, Fully close lids 
via horizontally tape avoiding gaps 
and pressure

•	 Hydrogel/Silicone Pads or Dressings

These are preferred when periorbital 
oedema or severe chemosis prevents 
effective application of adhesive tape or 
cling film.

They should be kept moist and 
changed every shift and fully cover 
the closed lids and be monitored. 
Care must be taken that the pad does 
not inadvertently shift and scratch 
the eye.

Table 2. 
This table outlines the clinical grading of lagophthalmos and the recommended interventions for each grade. The classification is intended to guide the intensity of ocular care required, 
with higher grades indicating increased risk of exposure-related complications and the need for more intensive protective strategies. Clinical judgement should always guide individual 
patient management, especially in the context of sedation level, facial anatomy, and overall clinical status (Images are generated by ChatGPT, May 2025 except for image A which 
is from Royal college of ophthalmology handbook [10] and image B from one of our colleagues. Images are generated by ChatGPT, May and July 2025 (except for image B, which is 
provided by one of our colleagues).
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4.3.1 Frequency of exams

Regular eye examination in low-risk patients (awake, blinking normally) should 
be performed daily, often aligning with routine care activities such as turning or oral 
care. During these intervals, the care provider can check the cornea and refresh lubri-
cation as needed. However, in high-risk patients (such as those on mechanical ventila-
tion with sedation and/or presence of lagophthalmos), eye inspections should occur 
at least every 4 hours, not just once per shift. Incorporating eye checks into existing 
ICU checklists can be helpful, for example, adding an “Eye care, [DONE]” item to the 
ventilator bundle [21] or sedation vacation checklist ensures that this critical task is 
not overlooked.

4.4 When to escalate

In general, if the eye does not appear normal despite routine preventive care, early 
ophthalmology input is advisable to prevent irreversible complications. ICU clini-
cians should have well-defined criteria for involving ophthalmology, based on expert 
consensus and clinical guidelines. Key referral triggers include:

Figure 3. 
Conjunctival involvement in ICU patients with: (A) diffuse redness with no discharge, (B) Purulent sticky 
discharge and redness [10, 19]. Image A: Generated by ChatGPT, July 2025. Image B: From reference [10].

Figure 4. 
Corneal ulcer illumination under blue light with fluorescein dye [20]. Used with permission from Dr. David 
Merle.
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a.	Persistent red, sticky eye not improving within 24 hours, which may represent infec-
tious conjunctivitis requiring microbiological investigation and targeted treatment.

b.	Any corneal opacity or white spot, suggestive of a corneal ulcer, which warrants 
urgent ophthalmology consultation.

c.	A cloudy pupil or presence of hypopyon, raising concern for intraocular infection 
(e.g. endophthalmitis), which constitutes an emergency referral.

d.	Uncertainty about ocular findings, particularly when examination is limited but 
clinical suspicion remains high.

In summary, regular and proactive monitoring is the key. Eyes should be checked 
during each shift, their condition documented, and any concerns acted on early. ICU 
nurses are often the first to notice changes, and thorough assessments can identify 
problems while they are still reversible. Eye checks should be as routine and priori-
tised as pressure area assessments. With consistent monitoring in place, we can now 
turn to the interventions that help prevent these complications.

5. �Prevention strategies for ocular complications

Preventive eye care in the ICU is simple, low-cost, and highly effective, when 
applied diligently. The goal is to maintain corneal moisture, integrity, and cleanliness. 
Evidence-based protocols emphasise a combination of lubrication and eye closure 
techniques as the cornerstone, with adjustments based on individual risk. Below, we 
detail the key preventive measures and current evidence for each [22].

5.1 Lubrication of the ocular surface

5.1.1 Lubrication: A core strategy for ocular protection in the ICU

Regular ocular lubrication plays a central role in preventing corneal dryness, abra-
sion, and infection in critically ill patients. For high-risk individuals, such as those who 
are comatose or intubated, lubrication should be initiated at the time of ICU admis-
sion, rather than delayed until clinical signs of dryness emerge. Prevention is consider-
ably more effective than managing established epithelial breakdown. A fixed schedule, 
for example ointment every 4 hours, should be followed and adjusted as needed. If 
signs of dryness appear, additional drops can be added between ointment applications. 
Reapplication is also necessary after any activity that exposes the eyes, such as reposi-
tioning, suctioning, or personal care. If redness or surface dryness develops, increase 
lubrication to every 2 hours until reviewed by ophthalmology. Lubricants replace or 
supplement the tear film and help maintain corneal hydration when blink reflexes or 
eyelid closure are impaired. The main types used in ICU care are outlined below:

5.1.1.1 Artificial tear drops

Saline-based and easy to apply, but evaporate rapidly (within minutes), requiring 
frequent reapplication (every 2 hours). This is often impractical in sedated or venti-
lated patients.
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5.1.1.2 Lubricating gels

being more viscous than drops, gels offer longer protection (2–4 hours) and are 
suitable for moderate-frequency use. Temporary visual blurring is not a concern in 
unconscious patients.

5.1.1.3 Ophthalmic ointments

Petroleum-based or antibiotic ointments provide the longest coverage (4–6 hours 
or more). Though they blur vision and leave residue, they are preferred for high-risk 
patients due to their prolonged effect and ease of use. A typical regimen involves a 
1 cm ribbon applied every 4 hours.

5.1.1.4 Evidence-based practice

A 2024 meta-analysis of 959 ICU patients demonstrated that lubricating gels or 
ointments were significantly more effective than artificial tear drops alone in prevent-
ing ocular surface disease. Polyethylene film covers used alongside gel or ointment had 
comparable efficacy. Drops or eyelid taping alone were consistently less protective [23].

Application Tips:

•	 Apply lubricating drops before ointments to ensure absorption.

•	 For incomplete lid closure, place ointment in the lower fornix and gently close 
the eyelids.

•	 Avoid touching the eye with the applicator.

•	 Use preservative-free drops to reduce irritation.

5.2 Ensuring complete eye closure

Keeping the eyelids gently closed over the eye is a fundamental protective strategy. 
This can be achieved in several ways:

Manual Lid Closure: Close the patient’s eyes by gently shutting the lids with a 
finger can be done during routine care. However, the lids will usually reopen due to 
loss of tone, so this is at best a temporary measure (e.g. periodically throughout the 
day a nurse might close the lids for a moment to re-spread tears or ointment). Manual 
closure alone is not sufficient long-term.

Eyelid Taping: Taping the eyelids closed is a simple and effective method to protect 
the eyes in ICU patients with incomplete lid closure, particularly those with Grade 2 
exposure. Ointment should be applied first to maintain corneal moisture, followed by 
hypoallergenic paper tape placed horizontally across the closed lids, avoiding pres-
sure on the eye or trapping the eyelashes. Tape should adhere to the skin, not the globe, 
and be replaced at least once per shift to allow for inspection and prevent skin irritation. 
Incorrect taping, such as over an open eye or with lashes caught on the cornea, can 
cause abrasions, so proper technique and staff training are essential. In awake or 
lightly sedated patients, taping may cause distress, and alternative approaches or 
periodic breaks may be needed. Taping should only be used when clinically indicated, 
if the eyelids close fully, it is not necessary.
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Moisture Chambers (Eye Covers): A moisture chamber protects the eyes by trap-
ping humidity over the ocular surface. The simplest method uses a 10 × 10 cm piece 
of clear polyethylene film (e.g. cling film) placed over closed eyelids and secured 
with tape. It forms a loose seal, conforming to facial contours without touching the 
cornea. This approach is low-cost, easy to apply, and has been shown to be as effective 
as ointment alone in preventing corneal drying. Combined use of film and lubricant 
provides added protection. In one RCT, polyethylene covers significantly reduced 
corneal damage compared to taping, even with both groups receiving lubrication. The 
film should be replaced every shift and not reused between patients [23].

Commercial moisture goggles or domes are also available. They form a sealed 
chamber around the orbit and are helpful when tape is poorly tolerated. However, 
poor fit, pressure on the orbit, or dried-out foam seals can cause harm if not moni-
tored and adjusted regularly. Overall, cling film offers a simple, effective alternative 
to taping, especially in sedated or unconscious patients, and is now commonly used as 
a first-line option in many ICUs.

Hydrogel Pads or Dressings: Another option for patients with significant periorbital 
oedema is to use a moist hydrogel dressing (e.g. a piece of water-gel pad) over the 
eyes. These pads both keep the eye moist and apply gentle pressure to keep lids closed. 
They are useful when standard tape is unable to be used due to oedema or if the 
conjunctiva is so swollen that cling film is hard to apply. They should be kept moist 
and changed every shift. Care must be taken that the pad does not inadvertently shift 
and scratch the eye, it must fully cover the closed lids and be monitored.

Tarsorrhaphy (Suturing the Eyelids): Tarsorrhaphy is a minor surgical proce-
dure performed by an ophthalmologist in which the eyelids are partially sutured 
together to protect the cornea. It is rarely required as a preventive measure and is 
typically reserved for severe cases, such as marked chemosis or facial nerve paraly-
sis that cannot be managed with standard methods. In ICU settings, temporary 
tarsorrhaphy may be considered when the cornea remains at risk despite maximal 
lubrication and taping, for example, in patients with eyelid burns or persistent 
chemosis during prone ventilation. While effective in ensuring eyelid closure, tar-
sorrhaphy limits the ability to perform ongoing eye examinations, and is therefore 
considered a last resort.

5.3 Practical considerations beyond lubrication and taping

5.3.1 Eyelid hygiene

•	 Clean eyelids once or twice daily using sterile water or saline on gauze to remove 
dried ointment or mucus and reduce bacterial load.

•	 Perform cleansing before lubrication to ensure optimal corneal contact and mini-
mise infection risk.

5.3.2 Avoiding harmful practices

•	 Routine saline irrigation is discouraged, as it can disrupt the tear film and 
increase dryness.

•	 Avoid using cotton balls or wipes on the cornea to prevent micro abrasions and 
contamination.
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•	 Do not tape eyes open or apply tape directly over the globe—these are common 
but avoidable sources of iatrogenic injury.

5.3.3 Positioning and humidification

•	 Adjust ventilator tubing and oxygen masks to prevent direct airflow across the eyes.

•	 Maintain adequate room humidity or use humidified ventilation to reduce ocular 
drying.

•	 Where appropriate, sedation breaks may allow voluntary blinking, which helps 
redistribute tears.

5.3.4 Protection during procedures

•	 Ensure eyes are closed and protected before any procedure under sedation or 
anaesthesia (e.g., bronchoscopy, CT, central line placement).

•	 Incorporate eye protection into pre-procedure safety checklists, as routinely done 
in the operating theatre.

5.3.5 Prone positioning eye care

•	 Prone patients, particularly those with ARDS, are at increased risk of ocular com-
pression, facial oedema, and chemosis, and require careful eye protection [12].

•	 Apply lubricating ointment to both eyes at least every 4 hours, and ensure eyelids 
are fully closed using tape or cling film prior to prone positioning.

•	 Use foam cushions or head holders to suspend the face and relieve orbital 
pressure. If these are unavailable, alternate head positions and confirm that no 
tubing or pillows are exerting pressure on the eyes.

•	 During each prone session, perform at least one eye check by gently lifting the 
head to assess for swelling or pressure-related injury. Persistent chemosis or 
conjunctival prolapse despite taping may require ophthalmology referral for 
temporary tarsorrhaphy or canthotomy.

•	 Eye protection should be embedded in positioning protocols and checklists, 
particularly considering COVID-19 experiences where optic nerve complications 
were reported.

6. �Common ocular complications in critically ill patients

Several distinct ocular pathologies can develop in ICU patients, most involving 
the ocular surface (cornea and conjunctiva) as shown in Table 3. These often occur 
in combination or sequentially, for instance, exposure-related dryness can lead to 
corneal abrasions, which in turn predispose to infection. The following are the most 
frequently encountered problems:
92



Eye Care in the Intensive Care Unit
DOI: http://dx.doi.org/10.5772/intechopen.1011089

15

6.1 Exposure keratopathy (exposure keratitis)

6.1.1 Definition

Exposure keratopathy (EK) refers to corneal injury caused by prolonged exposure 
of the ocular surface to the environment, typically resulting from lagophthalmos 
and/or insufficient blinking compromising the tear film protection (Figure 5). The 
exposed cornea experiences excessive tear film evaporation, leading to desicca-
tion, epithelial breakdown, and inflammation, which, if untreated, can progress to 

Grade Ocular surface complication Schematic ocular appearance

Grade 0 No ocular surface disease

Grade 1 Punctate epithelial erosions (PEEs) involving the 
inferior third of the cornea

Grade 2 PEEs involving more than the inferior third of the 
corneal surface

Grade 3 Macro Epithelial defect (MED)

Grade 4 Stromal whitening in the presence of epithelial defect 
(SWED)

Grade 5 Stromal scar

Grade 6 Microbial keratitis

Table 3. 
The classification and grading of ocular surface disease [12, 13].
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secondary infection. EK can be regarded as a severe form of dry eye disease, com-
monly affecting critically ill patients, particularly those in the ICU.

EK is the most common ocular complication observed in ICU patients. Reported 
prevalence rates vary considerably, typically ranging from roughly 20–42% 
depending on patient factors, with higher rates seen in those who are sedated, 
mechanically ventilated, or unconscious [25, 26]. A systematic review of 3484 
records reported a pooled prevalence of EK at 34% (34.1% in adults and 40.9% in 
children) and an incidence of 23% (26.0% in adults and 12.0% in children) [8]. 
Prevalence can also vary depending on the ICU environment and the nature of the 
patient population. Higher rates have been reported among the patients receiving 
deep sedation or neuromuscular blockade such as those in general medical, neuro-
logical and surgical ICUs, while slightly lower rates are seen in paediatric units such 
as PICUs where sedation practices and ventilation techniques are non-invasive most 
of the time [27].

6.1.2 Course of onset

Even short-term exposure, lasting only a few hours, can induce significant cor-
neal changes, including epithelial dehydration, initial thinning, and aggregation of 
inflammatory cells within the stroma. However, in ICU patients, exposure keratopa-
thy typically develops within the first 2–7 days of admission and may become evident 
as early as 48 hours in high-risk individuals. Clinically, exposure keratopathy first 
appears as areas of dry, dull corneal surface and conjunctival injection. The patient’s 
conjunctiva may look red, and the cornea loses its normal lustrous reflection. In an 
awake patient, this causes irritation, foreign-body sensation, and blurry vision; how-
ever, in an unconscious patient, there are no subjective symptoms, so early examina-
tions are critical. If not promptly recognised and managed, EK can rapidly progress 
from minor surface dryness to serious ocular damage. Initial punctate epithelial 
erosions can evolve into corneal ulcers, microbial keratitis, stromal melting, and even 
corneal perforation. Severe cases can result in permanent vision loss, with devastating 
consequences for survivors.

Figure 5. 
Punctate epithelial erosions (PEE) [24].
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6.1.3 Diagnosis

Diagnosis of EK in the ICU setting relies heavily on clinical examination, as 
patients are frequently sedated, intubated, or otherwise unable to communicate visual 
symptoms. Evaluation begins with inspection for lagophthalmos, conjunctival injec-
tion, and chemosis, followed by assessment of the corneal surface using a penlight 
or ophthalmoscope for signs of dryness, dullness, or haziness suggestive of epithelial 
damage. The hallmark diagnostic sign is the presence of corneal epithelial defects, 
best visualised with fluorescein dye testing. After instilling preservative-free fluo-
rescein, examination under cobalt blue light reveals epithelial defects ranging from 
fine, scattered dots (punctate epithelial erosions, PEE), typically seen in the inferior 
cornea where exposure (Figure 5) is greatest, to larger, confluent areas of epithelial 
loss (macro-epithelial defects or corneal abrasions), or even frank corneal ulcers. 
Additional findings may include mucous filaments adhering to the corneal surface or 
severe chemosis preventing eyelid closure. Given the rapid risk of progression, daily 
bedside examinations with a low threshold for fluorescein testing are crucial for early 
detection and timely intervention in these vulnerable patients.

6.2 Corneal abrasions and superficial injuries

A corneal abrasion is a superficial injury involving the loss of the corneal epi-
thelium. In ICU patients, abrasions may result from various causes, including direct 
trauma (e.g. unintentional contact with a suction catheter, endotracheal tube, or 
the edge of a mask during repositioning), poorly applied adhesive tape that touches 
the cornea, or severe exposure keratopathy where areas of dry epithelium detach. 
In many cases, the clinical appearance of a corneal abrasion reflects spontaneous 
breakdown and detachment of desiccated epithelium, rather than a scratch caused by 
an external object. Regardless of the cause, the clinical features are similar: a well-
demarcated epithelial defect that stains with fluorescein and is often associated with 
redness and irritation. Corneal abrasions in critically ill patients have a high propen-
sity to progress to infectious keratitis if not managed aggressively. The normal corneal 
epithelium serves as a barrier to microbes; when that barrier is breached, bacteria can 
invade the cornea.

6.3 Microbial keratitis (MK)

Microbial keratitis is an ophthalmic emergency that requires immediate ophthal-
mology consultation and aggressive treatment to prevent corneal perforation and 
permanent vision loss. It occurs when microorganisms, bacteria, fungi, or parasites, 
invade the corneal stroma, almost always following an initial breach in the protective 
epithelial barrier. In the ICU, the most significant predisposing factor is untreated or 
progressive exposure keratopathy, where devitalised epithelium provides a portal of 
entry for pathogens. The progression from tear film instability and dryness to expo-
sure keratopathy, and subsequently to microbial keratitis, represents a common and 
well-recognised trajectory of ocular surface deterioration in critically ill patients. The 
presence of chemosis can further exacerbate this risk by impairing eyelid closure and 
promoting retention of debris or organisms on the corneal surface. The risk is height-
ened in ventilated patients, where the ocular surface is more prone to colonisation, 
and procedures such as open tracheal suctioning may directly inoculate the eye with 
respiratory pathogens. These factors underscore the importance of early preventative 
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strategies, including regular lubrication and ensuring adequate eyelid closure from 
the outset of ICU admission, particularly in patients at elevated risk. Warning signs of 
corneal infection in an ICU patient include increasing cloudiness or opacity in the cor-
nea, persistent redness, a “sticky” eye with discharge, or failure of an epithelial defect 
to improve over 24–48 hours despite treatment. ICU staff should suspect a corneal 
ulcer in such cases and obtain prompt ophthalmology consultation.

While contact lens wear is the leading cause of MK in the general population [28], 
the profile in the ICU may differ. Studies have found that sedated ICU patients often 
have the ocular surface colonised by organisms such as Staphylococcus aureus and 
Pseudomonas aeruginosa. Pseudomonas is a virulent Gram-negative bacteria known to 
cause rapidly progressive corneal ulcers. In the ICU, any corneal defect can act as an 
entry point for such bacteria, leading to a corneal ulcer with stromal infiltrate (white 
opacity) and sometimes a hypopyon (inflammatory pus layer inside the eye) Notably, 
Pseudomonas keratitis carries a risk of corneal perforation in under 72 hours if 
untreated [29]. If not treated accordingly, microbial keratitis can result in corneal per-
foration within just 24–48 hours, a true ophthalmic emergency [29]. Gram-positive 
organisms like Staphylococcus aureus (including MRSA) and coagulase-negative 
staphylococci, which can be part of the normal ocular or skin flora, are also common, 
especially when the ocular surface is compromised. Other Gram-negative bacteria 
such as Klebsiella and Acinetobacter species are also relevant in the hospital environ-
ment. Fungal keratitis, caused by yeasts (Candida spp.) or moulds (Aspergillus, 
Fusarium spp.), should be considered, especially in immunocompromised patients, 
those on long-term antibiotics or steroids, or following trauma involving vegetative 
matter (though less common in typical ICU settings) (Figure 6) [32, 33].

Diagnosis requires a high index of suspicion in any ICU patient with a red eye or 
corneal changes, particularly when exposure keratopathy is present. While slit lamp 
examination provides the best view, careful inspection with a bright penlight and 
fluorescein staining can often identify suspicious lesions at the bedside. Definitive 
diagnosis and targeted treatment rely on obtaining corneal scrapings for Gram stain, 
bacterial and fungal cultures, and sensitivity testing. This procedure is typically 
performed by an ophthalmologist.

Treatment for microbial keratitis should begin immediately after obtaining 
cultures, without waiting for results. Empiric therapy typically involves hourly 
broad-spectrum topical antibiotics. Options include fortified combination therapy 

Figure 6. 
Microbial keratitis with: (A) Hypopyon, fungal infections keratitis and conjunctivitis, (B) Bacterial keratitis 
with conjunctival injection most prominent inferiorly, mucopurulent conjunctival discharge, large inferior corneal 
epithelial defects [30, 31].
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(e.g., vancomycin plus tobramycin) or fluoroquinolone monotherapy (e.g., moxi-
floxacin), with the choice guided by infection severity, likely pathogens, resistance 
patterns, and specialist preference. Once culture and sensitivity results are available 
(usually within 24–72 hours), antibiotic therapy should be adjusted accordingly.

6.4 Conjunctival chemosis (ventilator eye)

Chemosis is the swelling of the conjunctiva due to fluid accumulation. In an ICU 
patient, it often presents as a gelatinous, translucent bulging of the conjunctival 
tissue, sometimes so pronounced that it protrudes between the eyelids. Chemosis is 
common in critically ill patients, with reported incidences of 80% in up ventilated 
ICU patients and 92% of those with lagophthalmos [13].

Multiple factors contribute to periocular oedema in critically ill patients. Positive 
pressure ventilation may impair orbital venous return, a process further exacerbated 
by tightly secured endotracheal tube taping, which can increase local pressure. 
Additional contributors include fluid overload, hypoalbuminemia, venous congestion 
from elevated intrathoracic pressure or prolonged prone positioning, and systemic 
inflammation, all of which promote fluid extravasation into the periorbital tissues. 
Conditions such as congestive heart failure, renal failure, or capillary leak syndromes 
(e.g. sepsis) commonly cause facial oedema and chemosis. Additionally, tight taping 
of endotracheal tubes or nasal cannulas can further impede venous and lymphatic 
drainage around the eyes, worsening periocular oedema [1].

While chemosis itself is not directly vision-threatening, it is a marker of underly-
ing issues and predisposes to exposure injury. The swollen conjunctiva can physically 
push the eyelids apart or prevent them from sealing, causing lagophthalmos even in 
an unconscious patient. The oedematous conjunctiva also impairs tear film distribu-
tion and oxygenation of the cornea. In effect, severe chemosis can cause or exacerbate 
exposure keratopathy. Moreover, the stagnant fluid in a chemotic conjunctiva may 
serve as a culture media for bacteria, increasing infection risk. ICU staff should pay 
attention to conjunctival oedema during eye exams. Management involves addressing 
the root cause (e.g. improving volume status, reducing PEEP if possible) and vigilant 
eye protection (frequent lubrication and ensuring eyelids are closed). In extreme 
cases where chemosis prevents lid closure despite these measures, an ophthalmologist 
may need to intervene (for instance, by temporary tarsorrhaphy, suturing the corners 
of the eyelids partially, to protect the cornea until swelling resolves). The presence of 
chemosis signals that the eyes are at major risk and should be lubricated at least every 
2 hours and taped or covered, as recommended by protocols for high-risk patients.

6.5 Other common ocular surface issues

Additional ocular findings in ICU patients include subconjunctival haemorrhages 
(small bleeding under the conjunctiva, often from coughing or coagulopathy are 
benign and self-resolving) and exposure-related keratoconjunctivitis sicca (severe 
dry eye with keratinization in very prolonged ICU stays, rarely). Crust formation on 
lashes and eyelid margins is common due to evaporated tears and ointments; while 
not harmful per se, it underscores the need for regular eye cleaning. ICU patients 
may also have pupillary abnormalities (e.g. dilated or unequal pupils) usually due 
to neurological injury or medications, rather than primary eye pathology, these are 
monitored as part of neuro exams but can confuse the ocular picture if, for instance, 
a dilated nonreactive pupil is from nebulized atropine in the eye versus a sign of 
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intracranial pathology. Clinicians should be aware of any ophthalmic drugs given 
(such as atropine drops during eye exams or nebuliser exposure) that could affect 
pupil exam findings [34].

In summary, the bulk of ICU eye complications involve the anterior segment 
(cornea and conjunctiva) and stem from drying, exposure, and secondary infection. 
These problems are often interrelated, and spiral exposure leads to abrasion, which 
invites infection, which worsens inflammation and can culminate in permanent 
damage. Thankfully, with diligent preventive care, most of these complications are 
avoidable or readily treatable if caught early. The next sections will discuss how to 
assess the eyes of ICU patients and implement protective strategies to minimise 
these issues.

7. �Uncommon but serious ocular complications in ICU

While ocular surface disorders are the most common issues, ICU patients can 
also experience less frequent ophthalmologic emergencies that require specialised 
management [35]. These tend to be related to severe systemic conditions or specific 
interventions. Recognising these scenarios is important, as they can lead to perma-
nent blindness if not promptly addressed.

7.1 Endogenous endophthalmitis (intraocular infection)

It is a serious intraocular infection resulting from haematogenous spread of 
pathogens into the eye, typically affecting patients with fungemia or persistent bacte-
raemia. In ICU settings, Candida Albicans is the most common cause, particularly in 
patients with central venous catheters, parenteral nutrition, or prolonged antibiotic 
use [36]. Less commonly, Staphylococcus aureus or Streptococcus species can cause 
endophthalmitis in the context of high-grade bacteraemia or endocarditis. Clinical 
signs may be subtle in sedated patients, check for a white pupillary reflex, hypopyon, 
or hazy fundus view. While older guidelines recommended routine screening in all 
patients with candidemia, a 2019 systematic review of over 7000 patients found that 
only ~1% required ophthalmic intervention [37]. Current practice supports a targeted 
approach: eye examination is indicated if symptoms are present, if the patient cannot 
report symptoms but is at high risk, or if any concerning signs are seen. For suspected 
fungal endophthalmitis, ophthalmology consultation is essential, and systemic 
antifungal selection should account for intraocular penetration e.g. intravenous 
voriconazole and echinocandins (Figure 7) [38].

7.2 Ischemic optic neuropathy and cortical blindness

Ischaemic Optic Neuropathy (ION) is a rare but devastating complication in 
critically ill patients, caused by infarction of the optic nerve due to prolonged 
hypotension, anaemia, or low-flow states. Posterior ION, more common in the ICU, 
may occur following cardiac arrest, massive haemorrhage, ECMO cannulation, or 
septic shock. Prone positioning, frequently used in ARDS management, has also 
been implicated, particularly in COVID-19 patients, likely due to increased venous 
pressure and reduced arterial inflow to the optic nerve. Case reports have described 
bilateral ION and irreversible vision loss following prolonged prone positioning [39]. 
Diagnosis is often delayed, as fundus findings may appear normal initially, and vision 
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loss is usually recognised only after sedation is lifted. ICU teams can reduce risk by 
maintaining adequate mean arterial pressure and haemoglobin, especially in patients 
with cardiovascular disease or borderline perfusion. In selected high-risk cases (e.g. 
major haemorrhage or prolonged hypotension), some centres consider periodic optic 
nerve sheath diameter monitoring or structured eye checks, though this is difficult in 
practice. If a patient reports new vision loss or fails to respond to visual stimuli upon 
awakening, urgent ophthalmology and neurology assessment is essential to distin-
guish ION from cortical blindness. Unfortunately, once vision loss occurs, it is almost 
always permanent, making prevention through early haemodynamic optimisation the 
only effective intervention.

7.3 Acute glaucoma (angle-closure glaucoma)

s a sight-threatening emergency that can occur in ICU patients, particularly 
when nebulised anticholinergics or adrenergic, such as ipratropium bromide, reach 
the eyes, triggering pupillary dilation in anatomically predisposed individuals with 
narrow iridocorneal angles. This leads to a rapid rise in intraocular pressure (IOP), 
often presenting in awake patients with severe eye pain, a red eye, blurred vision with 
halos, a fixed mid-dilated pupil, and systemic symptoms like headache, nausea, or 
vomiting. In sedated patients, pain and visual complaints may be absent, but clues 
include a hazy cornea from corneal oedema, a mid-dilated non-reactive pupil, or one 
eye that feels rock-hard on gentle palpation through the eyelid, this firm globe is a 
key bedside finding [40]. Sustained IOP >40–50 mmHg can cause permanent optic 
nerve damage within hours, making this an ophthalmologic emergency. Immediate 
treatment includes IV acetazolamide, topical agents (e.g. beta-blockers, pilocarpine), 
osmotic therapy (e.g. mannitol), and urgent laser iridotomy. Prevention is equally 
critical: shield the eyes during aerosol treatments, use closed ventilator circuits when 
possible, or apply moist gauze over the eyes if using nebuliser masks. Scopolamine 

Figure 7. 
Fundus-style retinal image illustrating creamy-white, fluffy intraretinal lesions with surrounding haemorrhages 
consistent with Candida retinitis. (Image generated by ChatGPT, May 2025).
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patches may also provoke pupil dilation and should be used with caution. In prone 
patients, especially with head-down tilt, increased orbital venous pressure may con-
tribute to angle closure in at-risk eyes; therefore, avoiding excessive head dependency 
and ensuring orbital pressure is minimised is advised.

7.4 Orbital compartment syndrome (orbital apex syndrome)

Orbital Compartment Syndrome is a vision-threatening emergency caused by 
a rapid rise in intraocular pressure, most commonly due to retrobulbar haemor-
rhage following trauma, but also possible from prolonged external compression 
during prone positioning or spontaneous bleeding in coagulopathic ICU patients. It 
presents with acute proptosis, a tense, rock-hard globe, tight eyelids (often difficult 
to manually open), severe conjunctival chemosis, and rapidly declining vision or 
pupillary responses. If suspected, action must be immediate, lateral canthotomy 
and cantholysis should ideally be performed within minutes to decompress the orbit 
and restore perfusion [41]. While performing a canthotomy is not within the typical 
scope of practice for ICU physicians, the expertise of emergency physicians or oph-
thalmologists is crucial in cases requiring this procedure. If no specialist is imme-
diately available and vision is at risk, documented cases support canthotomy being 
performed by critical care or trauma teams under remote guidance. Prevention 
hinges on avoiding direct orbital pressure, particularly during prone ventilation, 
and on early identification of bleeding risk in coagulopathic patients (e.g. those on 
ECMO or with severe thrombocytopenia). In certain high-risk surgical patients, 
prophylactic canthotomy or partially open eyelid closures may be left intention-
ally by surgeons to reduce risk. There is no routine orbital pressure monitoring, so 
awareness and rapid response are crucial.

8. �Consultation and multidisciplinary management

The value of a standardised ICU eye-care protocol cannot be overstated. In the 
UK, practice varied widely, but once a universal guideline was rolled out, documen-
tation rates climbed, and ocular complications fell [42]. Embedding eye care into 
routine patient checks, especially since pupils are already examined regularly in 
critical care, offers a natural “hook” for assessing corneal integrity, tear film status, 
and eyelid closure. One quality-improvement project even wove an eye-care checklist 
into the standard nursing documentation, not only ensuring every shift included eye 
assessment but also enabling meaningful audit of care delivery [43].

Despite these advancements, gaps in consistent eye care persist. In most ICUs, 
nurses already perform routine high-risk checks: pressure-area assessments, vascular 
line inspections, and ventilator circuit reviews for patients who cannot mobilise. Eye 
care for those at elevated risk (e.g., intubated, sedated, or with lagophthalmos) should 
be embedded in the same checklist framework. Staffing pressures, heavy workloads, 
and the specialised nature of ophthalmic assessment can still undermine consistency. 
Many nurses report feeling under-prepared to recognise early corneal changes or 
manage lubrication protocols. Targeted education, formal teaching on ICU-relevant 
eye diseases, hands-on skills sessions with fluorescein staining, and case-based 
discussions helps bridge this niche knowledge gap. When eye-care responsibilities are 
clearly assigned and reinforced through both documentation and ongoing training, 
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protocol adherence improves, and more patients receive reliable, high-quality ocular 
protection [44, 45].

9. �Conclusion

Ocular complications are common in critically ill patients but are largely prevent-
able when addressed through a structured, multidisciplinary approach. By identifying 
high-risk individuals at admission and applying a simple eyelid-closure grading system, 
ICU teams can tailor interventions, ranging from routine lubrication to moisture 
chambers and lid-taping, according to a patient’s needs. Integrating an “eye check” into 
existing care bundles (pressure-area, line inspections, ventilator circuits) ensures that 
ocular assessment is performed alongside other standard safety measures each shift.

Education and audit are essential for sustaining protocol adherence. Targeted train-
ing in basic ophthalmic examination, fluorescein staining, and documentation reinforces 
nursing competence and highlights early signs of exposure keratopathy, conjunctivitis, 
or corneal ulceration. When advanced pathology is suspected, clear referral criteria 
expedite ophthalmology involvement and reduce the risk of permanent visual sequelae.

Incorporating these evidence-based practices into routine ICU workflows not only 
reduces the incidence of corneal drying, abrasions, and infections but also preserves 
visual function—as an integral aspect of comprehensive critical-care outcomes.
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Chapter 7

Pharmacological Safety in Neonatal 
Care: A Focus on Clinical Pharmacy 
Intervention
Norhan Attia Ahmed

Abstract

Neonates in neonatal intensive care units (NICUs) are at high risk for drug-
related problems (DRPs) due to their rapid physiological changes, complex phar-
macotherapy, and lack of neonatal-specific formulations. Reported DRP incidences 
range widely from 33.6% to 89.6%, with treatment effectiveness being the most 
common issue, followed by drug safety concerns and incomplete prescriptions. 
Among the leading causes, dose selection errors account for over 50%, increasing 
the risk of toxicity or therapeutic failure. Factors such as high clinical workloads, 
knowledge gaps, and manual prescription processes further contribute to medica-
tion errors in this vulnerable population. Clinical pharmacists play a critical role in 
optimizing medication safety and resolving DRPs in NICUs. In this study, pharma-
cists primarily intervened at the drug level (69.2%), with additional interventions 
at the prescriber level (13.8%). The acceptance rate of pharmacist interventions was 
exceptionally high (98.8%), demonstrating strong interdisciplinary collaboration 
and trust in their expertise. Furthermore, 99.7% of pharmacist interventions had a 
positive impact on patient safety, efficacy, and overall quality of life. These find-
ings highlight the essential role of clinical pharmacists in NICUs, reinforcing the 
need for structured pharmacist-led interventions, individualized dosing strategies, 
and enhanced prescribing protocols to minimize medication errors and optimize 
neonatal outcomes.

Keywords: neonatal intensive care unit (NICU), drug-related problems (DRPs), 
clinical pharmacy, pharmaceutical interventions, patient outcomes

1. �Introduction

Drug-related problems (DRPs) are a significant concern in the healthcare sec-
tor, with over half of the harm to patients being preventable [1, 2]. According to 
the Pharmaceutical Care Network of Europe (PCNE) classification, a drug-related 
problem (DRP) has been defined as “an event or circumstance involving drug therapy 
that actually or potentially interferes with desired health outcomes” [3].
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An increased risk of medication errors is prevalent in critically ill ICU patients, 
with neonatal infants being a particularly vulnerable subset of this population.

A neonate is a “child under 28 days of age” [4]; the Neonatal Intensive Care Unit 
(NICU) is a complex clinical setting that often leads to undesirable outcomes and medi-
cal errors [5]. In this high-risk environment, where complicated regimens are present, 
the incidence and impact of DRPs can be serious. There are numerous differences 
between neonates in comparison to adults and pediatrics regarding the treatment [6]. A 
medication dosage for an adolescent can be up to a 100 times higher than that for a pre-
term neonate. While a pediatric dose might be one-tenth of an adult’s dose, it could still 
be ten times the appropriate dose for a preterm neonate. These variations significantly 
contribute to the risk of medication errors in this population [7]. The neonates are con-
sidered “unique drug recipient” due to rapid changes that affect their body composition 
and organ function [8, 9]. The processes of absorption, distribution, metabolism, and 
elimination vary with age and significantly impact the pharmacological effects of drugs.

Neonates, especially the preterm ones, often cannot receive medications or 
nutrients orally for varying durations after birth. This poses a challenge in providing 
essential medical support and nutrition. Consequently, the intravenous route offers 
a solution by allowing parenteral administration of necessary formulations to meet 
their needs.

Three factors contribute to an increased risk of DRPs in NICU patients compared 
to other populations:

1.	NICU patients experience higher exposure to medications from the time of 
admission.

2.	There is a lack of clinical trials on pharmacotherapies in neonates due to ethical 
considerations.

3.	There is a lack of specific formulations for neonates, as the majority of drugs 
used to treat newborns are either not licensed for this age group or used off-label 
(for unapproved indications, doses, or administration routes). This often re-
quires dilution before administration, increasing the potential for dosage errors 
[10, 11].

The doses are calculated based on weight. Errors in decimal placement during 
prescribing can result in 10-fold or larger dosing errors, underscoring the crucial 
importance of accuracy [11]. The drug formulary used in the NICU is relatively 
limited compared to that used in other patient populations. Consequently, there is a 
constant need to modify drug formulations to suit the needs of neonatal patients [11]. 
A study performed on hospitalized children found that the highest incidence of ADEs 
occurred in the NICU compared to other wards (pediatric medical ward, pediatric 
surgical ward, and postnatal ward) [12].

2. �Incidence and types of drug-related problems in NICUs

2.1 Prevalence of DRPs

Limited research has explored the prevalence of DRPs in NICUs, revealing  
significant variability in reported rates, ranging from 33.6% to 89.6% [13–20].  
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These variations likely stem from differences in patients’ clinical conditions and 
illness severity. Key factors influencing DRP detection include NICU infrastructure, 
staffing levels, availability of clinical pharmacists, adoption of electronic health 
records, and adherence to medication safety protocols. NICUs equipped with com-
prehensive resources and dedicated medication safety programs tend to report lower 
incidence rates due to proactive management practices.

For instance, an observational prospective study conducted from October 2015 to 
October 2016 at an NICU in a women’s health hospital in Brazil, focusing on neo-
nates undergoing antimicrobial therapy for suspected early sepsis, reported a DRP 
incidence of 33.6% [13]. Similarly, another observational prospective study on septic 
neonates in Ethiopia, conducted from May to August 2018, reported a higher DRP 
incidence of 48.8% (95% CI 41.7–55.9%) [16]. This variation in incidence rates could 
be attributed to differences in NICU resources, local healthcare practices, antimi-
crobial stewardship protocols, and population demographics, which may affect the 
detection and management of drug-related issues in clinical settings.

An exploratory study conducted in Brazil between October 2013 and June 2014 
on extremely low birth weight (ELBW) neonates in an NICU recruited 33 neonates 
and showed a higher incidence of DRPs at 39.4% [14]. This higher incidence can be 
explained by the increased care standards required for low birth weight neonates, 
who often need more complex and individualized treatment regimens, leading to a 
greater potential for drug-related issues.

A cross-sectional study conducted in Brazil aimed to identify the incidence and 
types of DRPs in neonates with heart diseases. The study, conducted from January 
2014 to December 2016, included 122 neonates and found a DRP incidence of 74.6% 
(95% CI 65.9–82%) [15]. This high incidence is explainable, as the presence of heart 
disease increases the complexity of treatment.

Two observational studies conducted in the NICUs of teaching hospitals in Brazil 
recruited 600 neonates. The studies, carried out between January 2014 and November 
2016 and April 2014 and January 2017, showed higher incidences of DRPs, with rates 
of 59.8% (95% CI 55.8–63.8%) and 60.5%, respectively [18, 19]. These high incidence 
rates can be attributed to the complexity of cases typically managed in teaching hos-
pitals, where critically ill neonates often require more intensive and varied pharmaco-
logical interventions, increasing the likelihood of encountering DRPs.

A prospective descriptive study was conducted in the NICU of a tertiary children’s 
teaching hospital in Egypt over a 4-month period (August–November 2023). The 
study recruited 316 neonates and reported a high incidence of drug-related problems 
(DRPs), reaching 89.6% [20].

Another cross-sectional study conducted in a tertiary hospital in India over an 
18-month period also reported a DRP incidence of 55.6% [17].

These variations underscore the challenges in standardizing DRP detection and 
management across NICUs, potentially impacting treatment outcomes and patient 
safety. Ensuring consistent adherence to medication safety protocols and enhancing 
resource allocation in NICUs may help mitigate these disparities and improve overall 
patient care.

2.2 Common types and causes of DRPs in NICUs

Drug-related problems (DRPs) are a significant concern in neonatal intensive care 
units (NICUs), with treatment effectiveness emerging as the most prevalent issue 
across multiple studies. In a study conducted by Ahmed et al., treatment effectiveness 
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accounted for 46.4% of DRPs [20], a finding that aligns with other research, includ-
ing a study on cardiac neonates, which reported a similar incidence of 49% [15]. 
Furthermore, a study in Brazil identified treatment effectiveness as the primary issue 
in 54.2% of the cases [19]. However, even higher rates have been observed in some 
settings. For instance, a study from India reported an incidence of 87.8% [17], while 
another investigation focusing on neonates receiving antimicrobial therapy found 
treatment effectiveness problems in 84.8% of the cases [13].

The predominance of treatment effectiveness issues can be attributed to the 
dynamic physiological changes that occur in neonates. Rapid fluctuations in body 
weight [21], along with significant pharmacokinetic and pharmacodynamic varia-
tions, play a crucial role in determining drug efficacy. Neonatal growth is accom-
panied by substantial shifts in body composition, including changes in total body 
water and fat distribution, which directly affect drug absorption and distribution. 
Additionally, the maturation of metabolic pathways, particularly hepatic and renal 
enzyme systems, significantly influences drug clearance, necessitating careful dose 
adjustments. These pharmacodynamic and pharmacokinetic changes contribute to 
the complexity of achieving optimal therapeutic outcomes in neonates, underscoring 
the need for individualized dosing strategies and rigorous monitoring to ensure safe 
and effective medication use. Standardized dosing guidelines often fail to account for 
these rapid developmental changes, emphasizing the importance of tailored pharma-
cotherapy in this vulnerable population [22].

In addition to treatment effectiveness concerns, drug safety represents another 
critical category of DRPs in NICUs. In the study by Ahmed et al., safety-related DRPs 
accounted for 26.4% of the cases [20]. However, studies from Brazil have documented 
much higher incidences, with safety-related issues reported in 54.4% [19] and 41.4% of 
the cases [15]. Conversely, other investigations have found significantly lower rates; for 
example, studies in India and among neonates receiving antimicrobial therapy identi-
fied safety-related DRPs in only 2.7% [17] and 15.2% of the cases [13], respectively.

A third category of DRPs, classified under the “other domain,” was identified in 
27.2% of the cases in Ahmed et al.’s study, with “unclear problems” accounting for 
20.2% [20]. This rate is notably higher than those reported in previous research. For 
example, an Indian study found that issues within this category accounted for only 
9.5% of DRPs [17], while two separate studies from Brazil reported even lower rates of 
9.8% [15] and 3.6% [19], respectively. One of the primary contributors to the “unclear 
problems” category in this study was incomplete prescriptions, a recurring challenge 
in NICU settings. Physicians are responsible for prescribing and calculating medica-
tion doses for neonates, a process that requires precision and careful consideration of 
each infant’s rapidly changing clinical parameters. However, the high workload and 
time constraints faced by healthcare providers may increase the likelihood of incom-
plete or ambiguous prescriptions.

Incomplete prescriptions have been identified as a major concern in multiple 
healthcare settings. A Malaysian study conducted on pediatric patients reported that 
“treatment safety” was the most frequently observed DRP (34.3%), followed by 
“unclear problems” (28.3%), which were primarily related to incomplete prescrip-
tions. In the same study, treatment effectiveness issues were documented in 23.2% 
of the cases, with “unoptimized drug treatment” accounting for 17.7% [23]. These 
findings underscore the widespread nature of prescription-related challenges, which 
persist across different patient populations and healthcare environments. The root 
causes of incomplete prescriptions often include high clinical workloads, insufficient 
time for thorough documentation, and the absence of standardized protocols for 
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prescription verification. Addressing these issues requires the implementation of 
targeted interventions, such as electronic prescribing systems, enhanced pharmacist 
involvement, and structured medication review processes to minimize errors and 
improve the completeness of prescriptions [20].

2.3 Clinical pharmacists’ interventions and acceptance rates in NICUs

Beyond the classification of DRPs, an analysis of their underlying causes revealed 
that dose selection errors were the leading contributor, accounting for over 50% of 
all identified issues. This aligns with findings from studies conducted in Brazil [19], 
and by Nunes et al. [13], which similarly identified dose selection as a primary source 
of DRPs. Errors in neonatal dosing can result in significant clinical consequences, 
including toxicity due to overdose or therapeutic failure due to suboptimal drug 
levels. Since neonatal dosing is largely weight-based, the risk of calculation errors is 
inherently higher than in adult populations. These challenges are compounded by 
factors such as knowledge gaps, limited clinical experience, inadequate staffing, and 
high workloads among junior physicians and nurses [24].

Clinical pharmacists play a crucial role in optimizing medication therapy and 
addressing drug-related problems (DRPs) in neonatal intensive care units (NICUs). A 
study conducted by Ahmed et al. [20] examined pharmacist-led interventions and their 
impact on patient care. The study found that pharmacists performed a total of 2149 
interventions, with the majority 69.2% occurring at the drug level, followed by 17% 
classified as other interventions and 13.8% at the prescriber level. This distribution was 
influenced by the study’s methodological approach, which categorized all medication-
related interventions comprehensively under the drug level. Notably, a significant 
proportion of these interventions involved dosage modifications, aligning with the pre-
dominant DRP type—dose selection errors. These findings differ from research in India 
[17], where a greater proportion of interventions were directed at the prescriber level.

The acceptance rate of pharmacist interventions is a critical indicator of interdisci-
plinary collaboration and the perceived value of clinical pharmacy services in NICUs. 
The study by Norhan et al. reported an exceptionally high acceptance rate of 98.8%, 
with 93% of interventions fully implemented. Similarly, research from Brazil on 
neonates in critical care settings has shown acceptance rates exceeding 90% [15, 19].

However, variations exist across different healthcare settings. A study among 
extremely low birth weight (ELBW) neonates has reported acceptance rates above 
80% [14], while research from Brazil focusing on neonates undergoing antimicrobial 
therapy for suspected sepsis indicated an acceptance rate of 81% [13].

The remarkably high acceptance rate in the NICU setting examined by Ahmed 
et al. and other studies highlights the integral role of pharmacists in neonatal care 
and the strong collaboration between pharmacists and physicians. This partnership 
enhances communication, ensures prompt resolution of medication-related issues, 
and ultimately contributes to improved patient safety and therapeutic outcomes. 
Given the vulnerability of neonates and the complexity of their pharmacotherapy, the 
involvement of clinical pharmacists is essential in minimizing medication errors and 
optimizing treatment efficacy.

2.4 Impact of clinical pharmacists’ interventions on patient outcomes

Of the 2149 interventions provided in this study by Ahmed et al., 99.7% were 
found to enhance safety, efficacy, and overall quality of life for neonates, with only 
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0.3% having no impact on patient outcomes [20]. These findings align with those 
from other studies, such as one involving extremely low birth weight (ELBW) 
neonates, where 97.3% of pharmacist interventions were reported to have a positive 
effect on patient outcomes [14]. Similarly, research by Strong and Tsang [25] found 
that 93% of interventions for pediatric patients had a beneficial impact.

These results surpass those of a study utilizing a modified version of Overhage 
et al.’s scale, which reported that 78.6% of pharmacist interventions significantly 
improved patient outcomes [26]. Additionally, a study focusing on adolescent 
patients documented an 86% positive impact rate [27]. These comparisons highlight 
that pharmacist-led interventions in our NICU setting contribute to an even greater 
enhancement of patient care, further emphasizing the critical role of clinical phar-
macy services in neonatology.

3. �Conclusion

Clinical pharmacists play a crucial role in neonatal intensive care units (NICUs) 
by optimizing medication therapy and preventing drug-related problems (DRPs). 
This chapter highlights that selection errors are the most common DRPs, emphasizing 
the importance of pharmacist interventions in improving medication safety. With an 
exceptionally high acceptance rate, these interventions demonstrate strong collabo-
ration between pharmacists and healthcare providers, leading to enhanced patient 
outcomes. Given the complexity of neonatal pharmacotherapy, integrating clinical 
pharmacy services is essential for minimizing medication errors and ensuring optimal 
treatment. Expanding pharmacists’ roles in NICUs can further improve patient safety 
and healthcare efficiency.

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Abstract

Limitations of life-sustaining therapies in the Intensive Care Unit (ICU) are usu-
ally applied when therapeutic measurements are considered futile. Withholding and 
withdrawal therapies are then applied because therapies cannot achieve the desired 
outcomes. When implemented, several aspects should be taken into consideration, 
such as cultural, sociological, or personal preferences regarding end-of-life care. 
Withholding is the decision not to start or increase a treatment if the benefit is not 
clear, and is the most common measure applied, including orders such as do-not-
resuscitate, do-not-intubate, or non-renal-replacement therapies. Withdrawal is a 
less frequent approach, and it is defined as the decision to stop a treatment. Decision-
making should be multidisciplinary and consensual. It must respect the wishes of the 
patient and/or their relatives. These decisions usually carry a substantial emotional 
burden, especially for healthcare professionals, who might consider limitation of 
life-sustaining therapies as a failure, even though this perception should evolve. In 
addition, the implementation of these measures may lead to stressful situations for 
professionals, which need to be addressed to avoid a negative impact. Mortality is 
the most common outcome that emerges from the use of these measures. However, 
a significant number of patients survive to hospitalization. Survival can have conse-
quences that may affect the patient’s subsequent quality of life. Due to the potential 
concerns, the difficulty of implementation, and the challenges in the decision-making 
process, communication between healthcare professionals, patients, and families/
relatives is an important issue when it comes to limiting life-sustaining therapies.

Keywords: intensive care unit, life-sustaining therapies, futility, limitation of 
therapeutic effort, withholding, withdrawal, advance directives, end-of-life, frailty, ethics

1. �Introduction

Every country is facing an increase in the size and the proportion of elderly
in their population [1]. Improved society and healthcare have resulted in more 
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elderly patients in intensive care units (ICUs) [2], leading to higher multimorbid-
ity and frailty. These conditions contribute to poorer clinical outcomes and higher 
healthcare costs [3, 4]. Cognitive and technological advances have made it possible 
to replace vital functions during critical situations, and have shifted therapeutic 
efforts toward managing the worsening of chronic conditions [5, 6]. However, 
patients’ baseline status is often suboptimal, and ICU admission may lead to devas-
tating consequences [7].

The primary objective of ICU treatment is to preserve life while avoiding unneces-
sary suffering or the prolongation of the dying process [8]. Therefore, evaluating the 
appropriateness of ongoing treatment is crucial to avoid therapeutic obstinacy and to 
focus on preserving the patient’s dignity, in alignment with the bioethical principles 
of autonomy, beneficence, justice, and non-maleficence [9].

1.1 Futility

A treatment is deemed futile when physicians determine that achieving the 
desired outcome is highly improbable, based on clinical practice, shared experiences, 
or empirical data. It is also important to differentiate between the effect on a specific 
part and the overall benefit to the patient [10]. A futile treatment is one that fails to 
achieve its intended objectives, either because it does not provide a reasonable chance 
of survival, proves to be clinically ineffective, does not improve the patient’s quality of 
life, or does not align with the patient’s goals [11].

The definition of medical futility is based on two criteria involving independent 
variables: quantitative and qualitative criteria. Quantitative or physiological futil-
ity refers to the numerical probability that a medical intervention will achieve the 
desired effect. Since it relates to alterations in organ function, its assessment presents 
relatively few challenges or debates among physicians. On the other hand, qualitative 
futility refers to the probability that the physiological effect will provide meaning-
ful benefit to the patient [12], making its assessment more holistic and significantly 
more complex [13]. The overall futility of a treatment can be calculated as the product 
of quantitative and qualitative futility. Both components are essential in determin-
ing the futility of a therapy. If the chance of a treatment influencing one of the two 
components (qualitative or quantitative) approaches zero, the medical intervention is 
considered futile [14].

The perception of the futility of a therapy can be influenced by physicians’ goals, 
sociocultural and religious values, and characteristics of both doctors and patients 
[15]. However, continuing ineffective treatment affects patients, their families, other 
patients, healthcare professionals, and systems negatively, increasing the economic 
costs [16]. Thus, futility justifies limiting life-sustaining therapies that offer no 
patient benefit while potentially increasing suffering.

1.2 Definition of limitation of life-support therapies

The limitation of life-sustaining therapies can be applied in two modalities: with-
holding and withdrawal. Withholding refers to the decision not to initiate additional 
life-sustaining measures, whereas withdrawal involves discontinuing previously 
implemented supportive interventions. Although both approaches are ethically 
equivalent, they may be perceived differently by healthcare professionals, especially 
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those less experienced with end-of-life care in the ICU setting. Withdrawal is often 
seen as a more direct action leading to the patient’s death. Nevertheless, both strate-
gies are recognized as ethically sound alternatives to therapeutic obstinacy, striving to 
achieve a balance between the quantity and quality of life [17].

The primary challenge in implementing limitations on life-sustaining therapies 
lies in the fact that determining the futility of a therapy is not always clear-cut. While 
clinicians may estimate the likely course of an illness, accurately predicting a precise 
prognosis is often elusive. This uncertainty can lead to conflicts among profession-
als or between healthcare providers and the patient’s family members [9]. Besides, 
surveys conducted among ICU professionals highlight the challenges in determining 
which treatment goals are realistically achievable and what constitutes an unfavorable 
risk-benefit balance [18].

If it is justified to not start a treatment, then it is also justified to stop that same 
treatment, assuming the patient’s condition and values remain consistent. Certain 
clinical conditions define an irreversible dying process, such as progressive multi-
organ failure with no prospect of successful treatment of the underlying cause, or 
the possibility of adequately and durably replacing organ function. Other scenarios 
include potentially fatal diseases or complications leading to complete loss of vital 
functions, as well as the terminal stage of chronic or malignant diseases that can no 

Withholding Decision made not to start or increase a life-sustaining intervention

Withdrawal Decision made to actively stop an intervention already given

Active shortening 
of the dying 
process

Circumstance in which someone performs an act with the intention of shortening the 
dying process

Palliative care Specialized medical care for people with a serious illness, focused on providing relief 
from the symptoms and stress associated with the illness. It is aimed at improving 
quality of life for both the patients and their families

End-of-life care Includes the decision-making as to the limitation of life-sustaining therapies and the 
physical, emotional, social, and spiritual support for patients and their families

Advanced 
directives

Legal document that states a person’s wishes about receiving medical care if that person 
is no longer able to make medical decisions; it may also give a person the authority 
to make medical decisions for another person when the patient can no longer make 
decisions (power of attorney)

Conflict Dispute, disagreement, incompatibility, opposition, or difference of opinion related to 
the patient’s management

Appropriate care A patient care proportional to his/her expected survival and quality of life and in line 
with the patient’s and relatives’ values

Burnout A psychological syndrome arising in response to chronic emotional and interpersonal 
stressors on the job, characterized by three different features: emotional exhaustion, 
depersonalization, and lack of personal and professional completion

Decision-making A stepwise practice of gathering and interpreting information, weighing different 
options, and ultimately making a shared, evidence-based, and personalized decision

Adapted from the European Society of Intensive Care Medicine Guidelines on end-of-life and palliative care in the 
intensive care unit [24].

Table 1. 
Definitions.
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longer be managed [8]. However, this is not solely a technical judgment. It is also 
essential to assess the current circumstances and consequences, considering the 
patient’s values and the available resources [19].

The interaction between personal and professional spheres in decision-making 
regarding the limitation of life-sustaining therapies imposes a significant psychologi-
cal burden on both healthcare professionals and the patient’s family and loved ones. 
This process may evoke feelings of guilt or regret [20]. Therefore, the implementation 
of these measures should be approached in an individualized and holistic manner. To 
prevent conflicts in their application, recommendations have been made for hospitals 
and medical centers to establish mechanisms that support this decision-making 
process [21].

Although the limitation of life-sustaining therapies is widely accepted by profes-
sionals, it is sometimes perceived as a form of euthanasia [22]. Euthanasia involves 
an explicit and repeated request from the patient for an act intended to cause death 
to prevent further suffering [23]. However, during the limitation of life-sustaining 
therapies, it is the underlying disease that causes the patient’s death, not the actions of 
healthcare professionals. Some key definitions relevant to this topic are presented in 
Table 1.

The objective of this chapter is to provide a guide to limiting life-sustaining thera-
pies, acknowledging that a universal approach is not feasible, and that individualized 
decision-making must be the basis of these measures.

2. �Limitation of life-sustaining therapies

2.1 Epidemiology

There is wide variability in the limitation of life-sustaining therapies, ranging 
from 5 to 15% of patients admitted to ICUs [6, 17, 25–27]. The frequency of these 
practices varies depending on geographic region and the healthcare setting in which 
the facility is located [28]. A study conducted across 199 ICUs in 36 countries dem-
onstrated that the practice of limiting life-sustaining therapies differs significantly 
among regions [29]. Contextual factors contribute to the regional variation in deci-
sions regarding withholding or withdrawing treatment in critically ill patients. A 
multicenter study conducted in Poland on ICU patients over the age of 80 reported an 
incidence of limitation of life-sustaining therapies of 17.9% [30]. This percentage was 
lower than the 24.6% observed in a German cohort [31] and significantly lower than 
the 41.9% reported in a Norwegian cohort [32].

Issues related to the patient’s pathology or the type of unit in which the study is 
carried out also influence the frequency and epidemiology of these measures. In 4671 
critically ill patients with COVID-19 admitted to the ICU between February and May 
2020, the prevalence of limitation of long-term therapies was 14.5% [33]. In patients 
who received cardiopulmonary resuscitation maneuvers after out-of-hospital cardiac 
arrest, its prevalence was 30.7% [34], while a study carried out in septic patients 
detected an incidence higher than 35% [35]. On the other hand, ICUs with a greater 
number of post-surgical patients generally have lower rates of limitation of life-
support therapies than ICUs with a higher number of patients with decompensated 
medical pathologies [25].

The percentage of limitation of life-support measures increases between 43 and 
81% of patients who die in the ICU [17, 36].
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2.2 Factors associated with the limitation of life-support therapies

The variables associated with the implementation of life-sustaining therapy 
limitation measures are multifaceted, including medical, ethical, and individual 
factors [6]. The most frequently reported factors are:

•	 Age: Older patients are more likely to be prescribed limitation of life-sustaining 
therapies [36, 37]. Age over 80 years is significantly associated with the deci-
sion to limit life-sustaining therapies [6, 26, 30]. Paradoxically, in a sub-analysis 
conducted across 12 ICUs participating in a multicenter study, the clinical 
characteristics of patients for whom these decisions were made revealed a profile 
of individuals younger than 70 years [38]. However, early decision-making is 
often associated with the patient’s age and chronic poor health [39].

•	 Functional status: Functional dependence, assessed by the Barthel index, is 
also an important variable. Patients with total dependence (Barthel index 
less than or equal to 20) are more likely to be subject to limitation of life-
sustaining therapies [40].

•	 Comorbidities: The Charlson Comorbidity Index has also been associated with 
the probability of limiting life-sustaining therapies [37]. This index is quite use-
ful, given its correlation with the expected 10-year survival rate of the patient. 
Cardiovascular comorbidities were present in more than half of the patients who 
underwent limitation of life-sustaining therapies in a multicenter study carried 
out in Spanish ICUs [38].

•	 Frailty: A syndrome defined by increased vulnerability due to decreased 
physiological reserve. It affects the ability to adapt to stressors, such as acute 
illness [41]. Patients who undergo life-sustaining therapy are often frailer [37]. 
Assessment of frailty using tools such as the Clinical Frailty Scale has been 
associated with increased 30-day mortality [32], reinforcing the importance of 
considering this variable in the decision-making process.

•	 Quality of life: A poorer quality of life prior to ICU admission also increases the 
likelihood of a decision to limit life-sustaining therapies [6, 26]. Considering 
quality of life prior to admission is controversial, since patients’ perception does 
not usually coincide with professionals’ perceptions, who tend to underestimate 
it [42]. A survey showed that 85% of physicians and 93% of nurses agreed that it 
was important to consider quality of life after ICU admission to establish limita-
tion of therapeutic effort [43]. Currently, quality of life after ICU admission is 
one of the main determinants [44]. Since it is related to mortality after discharge 
[45], the application of an objective tool for its evaluation could shed light on a 
patient’s prognosis.

•	 Severity of illness leading to ICU admission: Scales such as Glasgow Coma Scale, 
Acute Physiology and Chronic Health Evaluation II (APACHE II), Sequential 
Organ Failure Assessment (SOFA), Simplified Acute Physiology Score II (SAPS 
II), and Mortality Probability Model II (MPM II) help evaluate survival prob-
ability and reduce prognostic uncertainty in decisions regarding life-sustaining 
therapy limitations [26, 30, 36, 37, 46, 47]. Both the SOFA score and disease 
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progression within the first 5 days after ICU admission have been associated with 
100% mortality rate [48]. APACHE-II score is also an independent predictor of 
mortality [49]. Other scales, such as Nine Equivalents of Nursing Manpower Use 
Score (NEMS), have shown association with life-support therapies limitation 
[6]. In patients over 60 years old who suffer from traumatic brain injury, the 
Extended Glasgow Outcome Scale (EOS) score lower than 5 has been associated 
with an unfavorable neurological outcome [50]. So, this scale could be used in 
these patients to decide on limiting life-support therapies. Poor prognosis [34] 
along with the perception of patient suffering are determining factors in many of 
the proposals for limiting therapies [44].

•	 Admission characteristics: Patients admitted due to decompensations of medical 
conditions have a higher likelihood of limiting life-sustaining therapies [25]. 
This may be because patients with medical decompensations tend to have greater 
severity at the time of ICU admission and a poorer quality of life. Consequently, 
these patients are often considered to have a lower likelihood of improvement. 
Additionally, there is a perception that surgical treatment may be curative, fully 
resolving the condition that led to ICU admission. Decision-making for surgi-
cal patients also requires the surgeon’s agreement, and surgeons may be more 
reluctant to withdraw therapy [6], as this could be perceived as a failure of the 
surgical intervention. Furthermore, patients who are subjected to therapeutic 
effort limitation are frequently admitted for non-elective reasons [51].

•	 Other patient- or disease-related variables identified include ICU length of stay 
and duration of mechanical ventilation. These factors may be interrelated or 
associated with age, the presence of comorbidities or frailty, poorer baseline 
status, or greater disease severity [20, 30, 52, 53].

•	 External and organizational factors: Socioeconomic factors may influence 
decision-making regarding life-sustaining therapy limitations. In the United 
States, decisions to limit life-sustaining therapies are made earlier for uninsured 
trauma patients compared to those with private health insurance [54]. Inequities 
in healthcare provision not only accelerate withdrawal of life-sustaining treat-
ment but also impact overall mortality in patients with traumatic brain injury 
[55]. Additionally, financial constraints within families may lead caregivers to 
discharge critically ill children from the hospital against treating physicians’ 
recommendations. This affects 1.4 to 5.7% of pediatric patients in low-income 
countries and leads to almost certain death of the patient [56], during which the 
comfort and care of the patient’s symptoms or family are not assured. For this 
reason, it is essential to establish international standards to minimize geographic 
and economic variability in providing optimal end-of-life care.

•	 Given the influence of ethical and individual factors, it is important to highlight 
that some of the most decisive elements in decision-making process include both 
the patient’s family and healthcare professionals. Studies have shown that patient 
desires influenced the decision in 2–63% of cases, while families were involved 
in 2–90%. Regarding healthcare professionals, in emergency departments, 
decisions were made jointly with at least one other physician in 80% of cases, 
while nursing staff participated in up to 30% of cases [20]. Regarding religious 
factors, a study conducted in Lebanon showed that both Christian and Muslim 
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physicians accepted both withholding and withdrawing life-sustaining therapies 
when appropriate [57].

Therefore, decisions are mainly influenced by factors related to the patient and 
disease, factors related to the hospital, and factors related to the healthcare profes-
sionals (Figure 1) [20, 58].

2.3 Decision-making

2.3.1 Advance directives

Advance directives are legal documents that state the will of the patient, safe-
guarding the bioethical principle of autonomy. Autonomy is the right of individuals to 
make decisions about their health and illness without coercion and with all the neces-
sary information. It therefore implies knowledge of the different treatment options 
available and the consequences of using or not using them [9]. It is estimated that 
only 1.6% of patients have advance directives in Spanish ICUs. However, up to 62% 
of patients would accept limitations on life-sustaining therapies in cases of a poor 
prognosis or a significant decline in quality of life [59]. This is confirmed in other 
countries, where the patient’s wishes are unknown in more than 40% of cases [60].

Figure 1. 
Key factors influencing decisions.
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These documents allow patients to express their personal preferences regard-
ing future medical treatments in the event that they are unable to communicate 
their wishes actively [61]. The content of an advance directive depends on the 
patient’s condition, varying based on whether the individual is healthy, has 
chronic illnesses, or faces an advanced disease with an imminent risk of death 
[62]. When completed under favorable prognostic conditions, advance directives 
are frequently modified over time [63]. Conversely, advance directives completed 
within the last 3 months of life are associated with a greater likelihood of opting 
for aggressive care [64]. However, the presence of an acute, potentially revers-
ible condition can impair the patient’s capacity to make decisions. Despite the 
limitations of advance directives, understanding a patient’s previously expressed 
wishes—regardless of how distant they may be from the circumstances leading 
to ICU admission—is invaluable, if not essential, in the current decision-making 
process. Therefore, these directives should not only be considered, but should also 
serve as the guiding framework to uphold patient autonomy when the patient is 
unable to exercise it. In such cases, this responsibility often falls to family mem-
bers and close contacts.

The clinical condition during ICU admission, due to the underlying pathology 
or the effects of administered medications, often prevents patients from rationally 
expressing their preferences regarding ICU management. This situation becomes 
particularly challenging when it is unclear whether the patient has fully understood 
physicians’ explanations about their prognosis. Whenever possible, decisions regard-
ing the limitation of life-sustaining therapies should involve all individuals respon-
sible for the patient’s treatment and care [8], while considering the patient’s potential 
wishes as perceived by those who know them best and their prior lifestyle before the 
critical illness.

The physician overseeing the patient’s clinical management likely has the most 
comprehensive perspective on patient’s condition, recent progression, and short- to 
medium-term prognosis based on the course of the disease. Although the “physician 
in charge” of the patient management must have the necessary tools to coordinate the 
conversation regarding their own proposal or that of the patient or their family mem-
bers, the decision must always be discussed with the healthcare team and aligned with 
the explicit wishes of the patient’s family [65]. Empowering those close to the patient 
in decision-making can be considered surrogate decision-making. This can extend 
the autonomy of the incapacitated person, allowing professionals to understand their 
previously expressed values and preferences. However, it is not easy to distinguish 
between the choices family members would make for themselves and those they are 
asked to make on behalf of someone else [66].

2.3.2 When to make the proposal

The timing of the proposal to limit life-sustaining therapies is influenced by 
several factors, including the state of mind of the professionals, their previous 
experience with death, or their knowledge of how to cope with extreme experiences. 
It is essential that both patients and their representatives are well informed about the 
prognosis of the current situation and the available therapeutic options [22]. This 
will allow them to consider what type of consequences they are willing to accept and 
at what risk. An interprofessional approach that involves both physicians and nurses 
in decision-making helps to maintain consistent messages and reduces moral distress 
among healthcare providers [67].
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Proposing the limitation of life-sustaining therapies too early may be perceived 
by family members or close contacts as an abandonment of responsibility or as a 
consequence of deficiencies in the healthcare system. However, considering the 
possibility of limiting life-support measures early after ICU admission can reduce 
anxiety for both the patient and their family [37]. It is therefore crucial to identify 
the appropriate moment to initiate discussions leading to a shared decision-making 
process. Deciding within the first 48 hours of ICU admission that a patient is not a 
candidate for cardiopulmonary resuscitation has been associated with fewer inter-
ventions, reduced suffering, and a lower likelihood of loss of dignity as perceived by 
nurses. Additionally, nurses were less likely to perceive that the patient was in distress 
or not peaceful in cases where the patient ultimately died in the ICU. Importantly, 
such early decisions did not accelerate death compared to cases where the decision 
was made later [68]. Thus, delaying such discussions longer than necessary should be 
avoided. However, decision-making should be started only after gathering sufficient 
information regarding the patient’s pre-existing conditions and the factors leading to 
ICU admission. This period also allows for the initiation of therapeutic measures and 
provides both the patient and their family an opportunity to recognize a worsening 
evolution. Time-limited trials recognize clinical uncertainties and prevent the exten-
sion of invasive interventions in the ICU.

End-of-life discussions have been shown to offer benefits for both patients and 
caregivers without significantly increasing emotional distress or psychiatric disorders 
[69]. Training healthcare teams in communication strategies is essential to prevent 
stress disorders and improve decision-making. Standardized interventions aim to 
reduce stress among family members and improve communication skills among 
healthcare professionals [70]. In addition, the entire process and the characteristics of 
the decision-making should be adequately recorded in the patient’s medical record.

2.3.3 Conflicts that may arise

Conflicts may arise among the members of the medical team, who may consider 
a treatment futile, and the patient’s representatives, who insist on maintaining all 
possible measures. A lack of understanding of the patient’s current clinical situation 
by the patient’s relatives is often the consequence of poor communication between 
them and the medical team. This opposition can lead healthcare professionals to fear 
potential legal action [71]. In such cases, it is crucial to interrupt the discussion and 
assess the root causes of the conflict. Conducting an appropriate differential diagnosis 
can help resolve potential issues and allow the focus to remain on providing appropri-
ate care for the patient. These conflicts may stem from factors related to the family, 
the physician, or the healthcare organization [72].

Families may experience conflict due to a lack of understanding of the situation. 
This may result from insufficient psychological preparation to hear patient’s diagnosis 
or prognosis, considering that bad news is often poorly processed. Additionally, the 
traditional communication style of physicians may contribute to misunderstand-
ings or lead families to seek information from other sources. Even when families 
understand and acknowledge the situation, their decisions may also be influenced by 
feelings of guilt or secondary gains [73].

Physicians may also feel uncomfortable with prognostic uncertainty, leading 
them to approach these conversations either hesitantly or with excessive confidence. 
Additionally, they may be overburdened with work, fatigue, frustration, or stress. 
Discussing end-of-life matters may also be perceived as a professional failure. It is 
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essential for healthcare professionals to foster honest dialog, actively listening to 
patients or representatives, and incorporating this input as a crucial factor in propos-
ing appropriate actions [74].

Social and organizational factors contributing to decision-making conflicts extend 
beyond the lack of financial compensation for discussions that are time-consuming. 
Restrictions on visiting hours limit contact between families and patients, hindering 
communication about end-of-life issues and preventing families from fully under-
standing the patient’s condition [75]. Once a differential diagnosis of the conflict’s 
reason has been established, it is necessary to develop interventions aimed at address-
ing and preventing these conflicts. Such measures promote better understanding 
between families and healthcare professionals, ultimately facilitating a consensual 
decision on the most appropriate course of action based on the patient’s current 
condition.

Once it becomes clear that the patient’s improvement is unlikely and that death 
may be approaching, conversation should continue. So, efforts can be redirected 
toward clarifying the patient’s priorities and optimizing pain and symptom manage-
ment [76].

2.4 Implementation: Withdrawal or withholding?

From an ethical standpoint, the decision to withdraw life-sustaining therapies is 
no different from the decision not to initiate or escalate them [77]. Although with-
drawing interventions may seem more aggressive, as it involves the removal of all 
support and inevitably influences a potentially fatal outcome, a study revealed that 
life-sustaining interventions were withdrawn in nearly half of the cases [27]. From 
a practical perspective, withholding and withdrawing therapies can be considered 
equivalent. In fact, there may be uncertainty about whether a decision falls into one 
category or the other, and this distinction may not lead to any significant changes 
in the overall management of the patient. According to the Canadian Critical Care 
Society, legal and psychological differences between withholding and withdraw-
ing life-sustaining treatment should not be overstated, as there may be no clinically 
significant differences between discontinuing an intervention and choosing not to 
escalate it [78].

2.4.1 Withholding

Withholding refers to the decision not to administer a life-sustaining treatment to 
a patient for whom it is unlikely to provide a clear benefit. This form of limitation is 
the most frequently used in surgical ICUs [25]. The rate of withholding-based limita-
tions tends to be higher in studies conducted in Southern Europe compared to those 
involving hospital in Northern Europe, reinforcing the impact of cultural differences 
on these decisions. In Spain and Portugal, withholding was practiced in 63–83% of 
patients receiving end-of-life care, whereas these percentages were lower in other 
European multicenter studies [6, 25, 26, 29].

The most commonly used withholding measures are included in Figure 2 [79]. 
Most publications exploring the application of withholding focus on the decision to 
forgo cardiopulmonary resuscitation [49]. This measure is common in end-of-life 
care, as cardiopulmonary resuscitation may cause more harm than benefit. Do-not-
resuscitate orders are primarily indicated in three scenarios: patients who will not 
benefit from cardiopulmonary resuscitation, patients for whom resuscitation may 
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result in permanent harm or loss of consciousness, and patients with poor quality of 
life for whom recovery after resuscitation is unlikely [80]. This measure was signifi-
cantly applied during the COVID-19 pandemic due to poor prognosis of these patients 
at a moment when healthcare-system demand exceeded available resources [81].

Respiratory failure accounts for nearly one-third of ICU admissions, making 
invasive mechanical ventilation a cornerstone of treatment for these patients. In these 
cases, decision-making is influenced not only by the patient’s or physician’s judgment 
but also by external factors. For example, ICU overcrowding forced many hospitals 
to forgo intubation in some patients due to a lack of resources during the COVID-19 
pandemic [82]. The decision not to perform orotracheal intubation is generally associ-
ated with increased mortality and, in many cases, is closely aligned with a do-not-
resuscitate order. The main criteria under this decision include advanced age, severe 
cognitive impairment, prolonged immobility, short life expectancy, limited func-
tional capacity, or the presence of advance directives. The frequency of this decision 
varies across countries and published studies [82, 83]. However, up to 25% of patients 
for whom intubation was not performed were successfully treated with noninvasive 
mechanical ventilation [84].

The recommendation regarding do-not-resuscitate and do-not-intubate orders 
is that these directives should always be implemented in alignment with clearly 
defined treatment goals, ensuring consistency with the overall care plan. According to 
consensus guidelines, these decisions should always involve the patient, their fam-
ily, and the healthcare team [24, 82]. These principles are also applicable to surgical 
airway management, as evidence suggests that proper palliative and end-of-life care 
can reduce the need for tracheostomies [85].

The complex hemodynamic and inflammatory conditions seen in ICU patients 
frequently lead to impaired renal function. The indication for renal replacement 
therapies in the ICU must distinguish between two different scenarios: patients 
experiencing acute kidney injury requiring renal replacement therapy due to their 
current condition, and those already enrolled in chronic dialysis programs who are 
admitted to the ICU for an intercurrent illness. These two groups have different 
implications when considering withholding renal replacement therapies. Only 21% of 
nephrologists in the United States are aware of the existence of a clinical guideline for 
limiting dialysis in patients with acute kidney injury and chronic kidney disease [86, 
87]. The expected benefit must be considered. Despite currently increasing patient 

Figure 2. 
Commonly employed withholding measures.
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tolerance to continuous therapies, it is important to recognize that renal replace-
ment therapies should not be offered to all patients [86]. Among patients receiving 
continuous renal replacement therapy in the ICU, in-hospital mortality reached 61% 
for those with acute kidney injury and 54% for those with chronic kidney disease. 
However, renal function recovery occurred in 41–82% of survivors, with long-term 
outcomes being difficult to determine [88–90]. In this context, another relevant 
factor is the temporal window for therapeutic intervention in acute kidney injury, 
which is significantly shorter in patients with chronic kidney disease. The absence of 
advance directives further shortens this timeframe, necessitating discussions with 
families that, although often perceived by nephrologists as a bilateral agreement, do 
not always result in consensus [91]. Therefore, decisions regarding the limitation of 
renal replacement therapies should be made early, and the use of advance directives 
is particularly recommended for patients enrolled in chronic dialysis programs. One 
approach suggested by clinical guidelines is a trial of renal replacement therapy with 
predefined outcomes and duration, after which, if no improvement is observed, 
withdrawal may be considered [86, 87]. Additionally, dialysis withdrawal in elderly 
patients is generally well accepted by many physicians, even in cases where patients 
oppose the decision [92], despite it being a common cause of death in patients with 
chronic kidney disease [93]. The general acceptance of dialysis withdrawal may be 
attributed to the association between renal replacement therapies and a poorer quality 
of life.

Intravenous treatments are also frequently limited in critically ill patients 
with a poor prognosis, especially antibiotics and vasoactive support. To properly 
determine when to prescribe or withdraw an antibiotic in critically ill patients, 
it may sometimes be necessary to involve palliative care specialists in the patient 
assessment. In a cohort of 1177 cancer patients who died in the ICU, palliative 
care consultation led to fewer antibiotic prescriptions, a higher deprescription 
rate, and a lower rate of antibiotic treatment escalation [94]. Antibiotic depre-
scription most commonly occurs less than a day before death. In this context, the 
goal of end-of-life care is to improve comfort and alleviate suffering. Guidelines 
recommend antibiotic administration for symptomatic infections, with the aim of 
relieving symptoms, although there is little consensus on its usefulness in lower 
respiratory tract infections. Furthermore, broad-spectrum antibiotic therapy can 
cause patients to become reservoirs of multidrug-resistant microorganisms, with 
subsequent epidemiological and clinical implications. Therefore, if prolonging 
survival is not the primary objective, withholding antibiotics should be consid-
ered. Due to evidence of reduced symptoms and suffering, even in pneumonia, 
antibiotic treatment should be administered orally when possible [95–97].

Vasopressor treatment should be evaluated separately from the indication of no 
cardiopulmonary resuscitation and no orotracheal intubation, despite their close 
relationship. The administration of vasoactive drugs in patients with a poor prognosis 
can unnecessarily prolong life, so it should be considered as an initial measure to be 
limited [98]. Actually, vasopressor therapies are usually limited before more invasive 
therapies, such as mechanical ventilation. On the other hand, measures that must be 
ultimately suspended should be parenteral nutrition and hydration, since they are 
considered non-therapeutic measures, but rather support measures, without cura-
tive intent, that seek relief [99]. In addition, the suspension of artificial hydration 
and feeding has been associated with intestinal discomfort, diarrhea, and aspiration. 
Hence, the decision to suspend them must be made preserving the comfort and 
dignity of the patient, in consensus with the patient and her/his families [80].
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2.4.2 Withdrawal

Withdrawal of life-sustaining treatments is a complex process that requires careful 
consideration of several factors, which are taken into account when organic support 
is considered futile [58, 100]. In this case, a treatment that is unlikely to provide any 
benefit to the patient is stopped. This decision should be based on an ethical assess-
ment that considers the patient’s rights, needs, and wishes. However, involving family 
members in the process helps mitigate emotional stress and facilitates a smoother 
transition [70]. Although, as previously noted, withholding and withdrawal decisions 
are equivalent, on a practical level, carrying out withdrawal entails a greater emo-
tional burden for health professionals, since culturally the moral equivalence between 
not starting treatment and stopping treatment has not been reached [101].

The futility of cardiopulmonary resuscitation in critically ill patients is a complex 
issue. Only 17–22% of patients with in-hospital cardiac arrest survive to hospital 
discharge, and a significant percentage of these patients are prone to suffer any 
associated neurological dysfunction [102]. Therefore, the precise moment to stop 
resuscitation remains a matter of debate. According to clinical guidelines, discon-
tinuation of cardiopulmonary resuscitation maneuvers should be considered in the 
absence of return of spontaneous circulation after an adequate period of resuscitation 
and advanced life support. Retrospective studies have shown that the probability 
of survival is less than 1% when resuscitation is prolonged beyond 39 minutes, and 
that significant neurological recovery is unlikely if cardiopulmonary resuscitation is 
prolonged beyond 32 minutes [103, 104]. However, recent medical advances, such as 
the use of cardiopulmonary bypass systems, have allowed documented cases in which 
return of spontaneous circulation has been achieved after more than 150 minutes of 
cardiopulmonary resuscitation. Therefore, it is essential to evaluate each case indi-
vidually before deciding to discontinue the maneuvers [105].

Patients frequently reach the end of life while connected to invasive mechanical 
ventilation. When the situation is irreversible, withdrawal of mechanical ventilation 
should be considered. Ventilatory support can be removed in two ways: terminal 
weaning (consists of gradually reducing the dose of oxygen and ventilatory support) 
or terminal extubation (cessation of ventilatory support and removing the endotra-
cheal tube in a single time). These two methods are often used, either together or 
separately, and there is no evidence as to which one is better [106]. However, dyspnea 
is predictable in ventilator-dependent patients in the process of weaning, especially 
at the end of life. Dyspnea is a common and distressing symptom that should be 
managed appropriately to ensure patient comfort [107]. The pharmacological and 
non-pharmacological measures for maintaining comfort after weaning are difficult to 
achieve. Many patients who are weaned off ventilation can be treated with noninva-
sive ventilation or high-flow oxygen therapy [108]. Patients with signs of respiratory 
distress in whom it is decided to withdraw mechanical ventilation are usually treated 
with morphine or fentanyl [107]. The most frequent causes reported for disconnec-
tion of ventilatory support were the physician’s decision as the survival expectancy is 
less than 10%, the prediction of a severe cognitive function deficit, and the percep-
tion that the patient does not want advanced life support. Given the characteristics of 
invasive mechanical ventilation, this decision is usually made by consensus with the 
family, without the patient’s participation [109, 110]. The published literature sug-
gests that terminal extubation was associated with higher rates of airway obstruction, 
gasping, and a higher behavioral pain scale score, whereas terminal weaning involved 
more opioids, hypnotics, and neuromuscular blocking agents, suggesting more active 
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comfort management. Although both methods were similar in time to patient death 
[111], contrasting results have been reported regarding the psychological impact of 
these interventions on both families and healthcare professionals. Families tended to 
show high levels of satisfaction with the management of the situation in both cases, 
but ICU staff showed higher levels of stress with immediate extubation. The fact that 
this modality was associated with higher rates of gasping may indicate the need for 
better palliative management in this type of patient [111]. Pain is the most frequently 
reported distressing symptom in patients at high risk of death [112], so it is usually 
the main objective and continuous attention is usually given to it.

In developed countries, dialysis withdrawal is a cause of mortality in 15–22% of 
patients who die while on renal replacement therapy. In the ICU, stopping renal replace-
ment therapy is one of the most frequent decisions to limit therapeutic effort at the end of 
life [113, 114]. The cessation of dialysis therapy and transition to palliative care is recom-
mended for those patients with poor quality of life and poor prognosis [115].

Vasopressors and comfort medications should be withdrawn gradually, ensuring 
that the patient receives adequate treatment of pain and other symptoms so that he/
she is comfortable [100]. General well-being is multidimensional and encompasses 
symptoms other than pain.

The timing of withdrawal of life support is influenced by several factors, which 
are crucial for setting expectations, managing resources, and considering organ 
donation possibilities. This process must be carefully planned and executed. This 
includes mechanical ventilation, administration of vasoactive support, and the use of 
extracorporeal assist devices. Measures that may seem simpler should be considered 
equivalent to organ support measures, but any therapeutic measure that is no longer 
justified on medical grounds should be discontinued. Thus, from an ethical and 
legal point of view, each of the measures shown in Figure 3 should be considered 
equivalent in relation to the fact that the process of irreversible death should not be 
prolonged [8].

Figure 3. 
Withdrawal.
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Predicting the time to asystole from the withdrawal of life support is important for 
setting expectations and planning resource use. Some factors, such as deteriorating 
oxygenation or the absence of reflexes, are indicators that asystole is imminent [100]. 
Although the process should last long enough for the family to be able to accept the 
outcome, it should not be prolonged unnecessarily. The unpredictability of the dying 
process is a challenge for families and healthcare providers [116]. The following fac-
tors influence the withdrawal process’s duration:

•	 Physiologic indicators: In adults, impending asystole (considered within the 
first 60 minutes) is associated with impaired oxygenation, absence of corneal 
and cough reflexes, decreased blood pressure, and the use of vasopressors and 
analgesics [100]. It is difficult to make accurate predictions in children because 
the physiological process is less well understood [116].

•	 Predictive models: Several predictive models exist for estimating time to asystole 
in adults. However, their generalizability and accuracy vary, and further valida-
tion is needed [100]. Few tools are available for pediatric patients.

•	 Emotional and logistical considerations: The unpredictability of the patient’s 
time to death can cause emotional distress for families and healthcare profession-
als, affecting the potential organ donation after death [116]. Healthcare provid-
ers should assist families with logistics, medications, and setting expectations 
during the process [117].

•	 Cultural and ethical tensions: There might be tensions between maintaining a 
dignified dying process and therapeutic interventions, and between the role of 
healthcare professionals and the wishes of families [118].

2.5 Implications of implementation

The implementation of limiting life-sustaining therapies in the ICU is complex, 
infrequent, emotionally charged, and usually occurs at a point when various therapeutic 
interventions have been exhausted and futility has been demonstrated. Despite being 
the group in closest contact with the critically ill patient, nurses recognize that the deci-
sion to initiate life-sustaining interventions is usually made by the physician and feel 
that their opinion is almost never considered [71]. Although the physician may be the 
appropriate person to lead discussions about initiating the withholding or withdrawal 
of life-sustaining therapies, it is advisable to involve the entire team of professionals 
responsible for the patient’s care (nurses, physiotherapists). In addition, families should 
feel involved in any changes in the patient’s treatment, as both healthcare professionals 
and family members play a fundamental role in these situations [119]. The importance 
of involving all personnel responsible for the patient’s care is that the decision to 
withdraw life-sustaining treatment can raise a moral dilemma for the nursing staff, who 
are often the ones responsible for withdrawing these therapies [120]. However, despite 
an obvious imbalance between medical and nursing staff decision-making, ICU nurses 
report relief when implementing life-sustaining therapy limitation measures [121].

The implementation of decisions can be interpreted by many professionals as a 
professional failure, as it is usually followed by the death of the patient [22]. This can 
affect emotional and professional well-being [58, 121]. The main effects of these deci-
sions on ICU staff are included in Table 2.
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Before implementing any decisions, it is advisable to avoid confusion between 
limiting life-sustaining therapies and euthanasia. Clearly distinguishing between 
these two concepts enables healthcare providers to make sound decisions that can 
benefit the patient during moments of great uncertainty [22]. Training in bioethics 
and the creation of spaces for reflection and dialog can help healthcare professionals 
face these challenges. Furthermore, emotional support and inclusion in the decision-
making process are essential to mitigating the negative impact of limiting life-sustain-
ing therapies on staff and family’s well-being [19].

2.6 Outcomes

Despite the vast amount of medical information that intensive care physicians 
handle, significant uncertainty remains in clinical practice. This inevitably leads to 
differing outcomes among patients despite limited therapeutic measures, and con-
sequently, a range of different results that can be obtained after implementing these 
decisions [124]. Clinical consequences after implementing life-sustaining therapies 
limitation may include survival, disability, or death—in the ICU, during the hospital 
stay, or after hospital discharge.

Mortality is probably the most common and sometimes most expected outcome. 
However, a causal relationship between the limitation of measures and patient death 
has not been clearly defined. During the COVID-19 pandemic, it was found that with-
holding was associated with a 75% mortality rate in ICU patients, while withdrawal 
was associated with a 95% mortality rate. In British ICUs, a study that included almost 
800,000 patients found a 26% higher mortality difference in those patients who were 
withheld or withdrawn compared to those who were not [29, 33, 124, 125].

Emotional stress 
and ethical 
dilemmas

Nurses may experience ethical conflicts due to disagreements among medical teams and 
the perception that physicians prolong unnecessary treatments rather than allowing 
for a dignified death. They acknowledge that physicians occasionally avoid applying 
irreversibility criteria, opting instead to extend interventions in an effort to defeat death, 
rather than facilitate a peaceful end-of-life process [71]. As a result, staff members often 
struggle to balance their duty to preserve life against the recognition of the patient’s 
suffering [22, 58].

Feelings of 
frustration and 
powerlessness

Professionals may feel frustrated when their opinions are not considered in the decision-
making process. This can lead to a sense of professional devaluation and make it more 
difficult for them to engage in a care plan they do not feel a part of [71, 122]. Poor 
communication can increase anxiety and depression among both professionals and the 
patient’s relatives [70, 123].

Difficulty in 
withdrawing 
treatments

The discontinuation of previously prescribed treatments often adds stress to the decision-
making process [71].

Risk of burnout 
and moral distress

Providing futile treatments can cause moral distress, emotional exhaustion, and even lead 
to a desire to leave the profession [58].
The emotional burden associated with limiting life-sustaining therapies combined with the 
high demands of the ICU environment increase the risk of burnout [122].

Need to provide 
comfort and relief

Nurses focus on ensuring patient comfort and relief during the end-of-life process, with 
the aim of securing a “good death.” This includes creating a dignified and respectful 
environment, ensuring the presence of family, and alleviating pain and distress [71].

Table 2. 
Effects of implementation on ICU staff.
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Healthcare professionals often associate this decision-making with mortality 
[29]. However, patient death is not always the outcome. One in five ICU admissions 
where therapeutic effort limitation measures are applied survives the hospitalization. 
Paradoxically, in a study of a cohort of over one million patients, those hospitals with 
higher rates of end-of-life treatment had slightly better survival rates [126].

Thus, after limiting life-sustaining treatment, ICU survival remains high (22%), 
with hospital survival at 16% [60]. Limitation of life-sustaining therapies does not 
always result in the patient’s death. In up to 20% of cases, the implementation of 
these measures is associated with clinical improvement. This may be due to reversible 
diseases, misdiagnoses, a positive outcome from treatments administered prior to 
the decision, or because the decision involved limiting interventions that the patient 
ultimately did not need. For example, establishing a therapeutic ceiling by not initiat-
ing renal replacement therapies in patients who do not experience acute kidney failure 
during their hospital stay [29].

Patients who survive ICU admission suffer numerous complications and marked 
deterioration, which makes it difficult to regain pre-admission functional capacity. 
This may be exacerbated in patients who have undergone limited life-sustaining 
therapies, who tend to be more fragile, with multiple comorbidities and a worse 
prognosis [29]. For example, patients undergoing mechanical ventilation in the ICU 
experience a loss of up to 40% in their ability to perform some activities of daily 
living after admission. Cognitive impairment, brain fog, muscle weakness, fatigue, 
anxiety, and depression are some of the other symptoms that patients often present 
with upon discharge from the ICU [127]. Therefore, it is expected that patients who 
have received withholding or withdrawal of life-support measures will also experi-
ence a deterioration in their quality of life after discharge from the unit.

Limiting life-sustaining therapies often allows for earlier transitions to pallia-
tive care, which reduces ICU congestion [128] and costs without compromising the 
ethics of care [129]. Furthermore, when care goals are aligned and decision-making is 
consensual, ICU teams function more cohesively and with less internal conflict.

The implementation of structured approaches, such as time-limited trials, 
reduces the duration and intensity of non-beneficial treatments and the length of 
ICU stays without affecting overall mortality, improving the quality of experience 
for the families of critically ill patients [130]. Families generally appreciate honest 
and empathetic communication and sharing decision-making. Furthermore, clear 
communication reduces anxiety and improves the grieving experience [131], as they 
are more likely to feel that the patient died with dignity and that their values were 
respected [69]. Fear of legal liability and accusations of unethical behavior are com-
mon concerns among healthcare professionals, as observed in a Polish cross-sectional 
study [132]. However, when decision-making is well documented and agreed upon, 
legal risks are minimal [133].

It is mandatory to emphasize that the limitation on life-sustaining therapies does 
not imply the abandonment of the patient. Awareness of this principle can bring relief 
and comfort both to the professionals carrying out these practices and to the families 
of the patients involved. The fundamental components of a dignified death include 
ensuring the patient is free from pain, suffering, and distress, and is accompanied by 
family members throughout the process [71]. In the final stages of life, opioids are 
the most commonly used analgesics, with morphine the most frequent, followed by 
fentanyl. Among benzodiazepines, midazolam is the most used sedative. The average 
doses of analgesics and sedatives tend to increase both before and after the with-
drawal of life support [134]. Patients admitted to the ICU typically have intravenous 
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access and continuous monitoring in place. The intravenous administration of both 
opioids and sedatives is often the most efficient route for effective symptom man-
agement. The use of continuous intravenous drug infusion allows for a stable blood 
concentration that can be adjusted according to the infusion rate. This rate can be 
increased as needed to alleviate discomfort during the end-of-life process [66].

3. �Conclusions

When a therapy is found to be futile, limiting life-sustaining therapies that do 
not benefit the patient should be considered. Both withholding and withdrawing 
therapies already given are equally valid ways of avoiding unnecessary prolongation 
of ICU stay and, eventually, life. However, the use of one of these methods depends 
on certain patient-related, cultural, or clinician-related factors. The decision should 
be multidisciplinary, taking into account the wishes of the patient and family in 
accordance with the principle of autonomy. Decision-making should begin as soon 
as sufficient information has been gathered to know the patient’s prognosis, to avoid 
unnecessary delays, and to facilitate the active involvement of families to prevent 
stress and reduce uncertainty. Adequate and compassionate communication will 
prevent conflicts between families and doctors or among health professionals.

Withholding refers to the decision not to provide life-sustaining treatment to a 
patient for whom it is unlikely to provide clear benefit. Withdrawing refers to the 
discontinuation of a treatment that is unlikely to benefit the patient. The implementa-
tion of both methods can be complex, emotionally charged, and have consequences 
for healthcare professionals. In addition, the clinical consequences often lead to the 
patient’s death, requiring active support with pharmacological and non-pharmacolog-
ical therapies to facilitate end-of-life care. Sometimes the patient survives despite the 
limitation of life-sustaining therapies because of reversible diseases, misdiagnosis, 
a positive outcome of treatments administered prior to the decision, or because the 
decision involved limiting interventions that the patient may not need. In these cases, 
the possibility of complications or disability after discharge is a possibility that will 
affect the quality of life of the patient and their caregivers.
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Abstract

This chapter gives an overall picture of brain death, showing how ideas about it have 
changed over time, from initial assumptions to modern diagnostic criteria. It shows 
how definitions of death have evolved from cardiopulmonary to neurological criteria 
because of improvements in organ transplantation and critical care, with important 
contributions from the Harvard Committee in 1968 and later global recommendations. 
The chapter goes into detail about the physical and physiological reasons for brain 
death, focusing on how brain and brainstem processes stop permanently. To be brain 
dead, all brain and brainstem functions must be permanently lost, as shown by clini-
cal exams, apnea tests, and other tests like EEG and angiography. The chapter covers 
important diagnostic protocols such as clinical exams, apnea tests, as well as their 
limitations and how they differ from country to country. There are also special consid-
erations for certain categories of people, like pregnant women, children, and patients 
on extracorporeal membrane oxygenation (ECMO). There are discrepancies in inter-
national procedures, such durations of observations last, how tests are done, and which 
further tests are preferred. Religious and cultural views affect how people feel about 
brain death; therefore, it is important to communicate carefully. The chapter concludes 
with thoughts on the future, such as how biomarkers and artificial intelligence can help 
make brain death diagnoses more accurate. This chapter makes it clear that we need to 
reach a global agreement on how to deal with differences in determining brain death 
while considering the medical, ethical, and legal issues that come up.

Keywords: brain stem, death, guidelines, ancillary tests, future perspectives

1. �Introduction

Traditionally, death is defined as the cessation of cardiac and pulmonary function.
This became challenging with advances in critical care support mechanisms, as bodily 
functions could now be performed artificially with ventilators and extracorporeal 
machines, long after intrinsic function had ceased [1]. This has led to the inclusion 
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of other criteria to diagnose death based on the irreversible cessation of brain stem 
functions [2, 3].

In 1954, neurologist Robert Schwab of Massachusetts General Hospital encoun-
tered this dilemma firsthand when treating a comatose patient with a massive 
intracranial hemorrhage on a respirator [4]. Five years later, Wertheimer and Jouvet 
reached a similar conclusion, referring to the phenomenon as “death of the nervous 
system” [5, 6]. In 1959, French physicians Maurice Mollaret and Stanley Goulon 
coined the term coma dépassé (beyond coma). They viewed coma dépassé as a 
prognosis of imminent death rather than death itself [7]. In 1963, aiming to address 
uncertainty surrounding the “death of the nervous system,” neurologist Robert 
Schwab proposed a set of criterion to declare death “in spite of cardiac action” [8]. 
Schwab later applied these criteria to 90 patients, who subsequently died, and were 
found at autopsy to have extensive brain necrosis (Table 1) [9].

In 1968, the Harvard Medical School Ad Hoc Committee, chaired by Henry 
Beecher, advanced Schwab’s earlier neurological criteria for determining death 
[10–12]. The committee’s definition of brain death established the irreversible loss of 
brain function, as a criterion for diagnosing death. The committee’s findings provided 
a crucial legal aspect for assessing death (Table 2). Concurrently, the transition from 
a cardiopulmonary to a brain-based definition of death paralleled the emergence of 
modern organ transplantation [13, 14].

Harvard Criteria have been critiqued for their conceptual uncertainty and ethical 
concerns. Critics claimed that the criteria were created to focus on facilitating organ 
transplantation more than focusing on providing a clear definition of brain death 
[15–17]. In 1976, the United Kingdom formally adopted the concept of brainstem 
death, as endorsed by the Conference of the Medical Royal Colleges and their facul-
ties [18], declaring that loss of brainstem function equaled death [19]. However, this 
meant that patients with preserved cortical electrical activity by EEG could be consid-
ered dead in the United Kingdom but alive in the United States.

1 Presence of specific clinical signs (ex. Unresponsive coma)

2 Absence of brain reflexes

3 Lack of spontaneous movement following 1 hour of observation

4 Apnea for at least 3 minutes after disconnection from mechanical ventilator

5 Isoelectric (Flat line) EEG

6 Exclusion of reversible conditions (ex. Hypothermia, CNS depressants)

7 Repetition of clinical assessments within 24 h

Table 2. 
Brain death criteria determined by Harvard Ad Hoc committee.

Robert Schwab criteria for death 1963

1 Fixed, dilated pupils, absence of brainstem reflexes; and no spontaneous movements

2 Apnea (no respiratory effort)

3 isoelectric (flat line) EEG

Table 1. 
Death Criteria by Robert Schwab in 1963.
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To address the need for uniformity, the Uniform Determination of Death Act (UDDA) 
was proposed in 1980 [20]. This act granted legal equivalence to both cardiovascular and 
neurological criteria for death, but did not standardize the neurological criteria.

Further efforts to clarify brain death determination were made by the American 
Academy of Neurology (AAN) in 1995, which issued clinical guidelines that became 
the foundation for diagnostic protocols worldwide [21]. These guidelines were further 
revised in 2010 [22].

On a global level, the World Health Organization (WHO) in 2014 defined human 
death as “the permanent loss of capacity for consciousness and all brainstem functions, as 
a consequence of permanent cessation of circulation or catastrophic brain injury” [23]. In 
1987, the American Academy of Pediatrics issued its first guidelines for brain death 
determination in children [24], which were updated in 2011 [25, 26].

One of the central ongoing debates in the field of brain death involves the ter-
minology used to define it, with terms such as “whole brain death” and “brainstem 
death” frequently used interchangeably, most experts advocate for the use of the term 
brain death (BD) or death by neurological criteria (DNC) [27].

This chapter aims to address critical aspects of brain death. Explore key differences 
between brain death and vegetative state. Furthermore, reviewing international legal 
differences in brain death definitions and the diagnostic approach in specific cohorts.

2. Anatomy and the blood supply of the brain

Brain anatomy and brain functions are crucial parts in understanding the mecha-
nism and the clinical presentation of brain insult (Figure 1) [28]. The major division 
of the brain consists of cerebrum, cerebellum, and the brain stem.

Figure 1. 
Major parts of the brain.
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The cerebrum is the largest part of the brain and consists of two cerebral hemi-
spheres. Each hemisphere extends from the frontal to the occipital bone, and the two 
hemispheres are separated by a deep cleft: the longitudinal fissure and falx cerebri, 
they are interconnected by a mass of white matter called the corpus callosum. Within 
each cerebral hemisphere, there is a cavity known as the lateral ventricle, which 
communicates with the third ventricle through the interventricular foramina [29, 30]. 
The brain’s outer surface of each hemisphere is the cortex, which consists of gray 
matter. The cerebral cortex is structured into folds (gyri), which are separated by 
fissures (sulci). Several large sulci sub-split the surface of each hemisphere into lobes 
(Table 3) [2, 30–33].

The cerebral cortex is divided into four main lobes, each with different anatomical 
landmarks and functional specialization (Figure 2). The cerebellum lies within the 
posterior crania fossa beneath the tentorium cerebellum. It is situated posterior to 
the pons and the medulla oblongata. It consists of two hemispheres connected by a 
median portion, the vermis [29]. It is connected to the midbrain by the superior cer-
ebellar peduncle, to the pons by the middle cerebellar peduncles, and to the medulla 

Figure 2. 
Cerebral lobes.

Lobe Anatomical location and 
description

Function Frontal lobe

 Located in front of 
the central sulcus and 
above the lateral sulcus.

It is responsible for voluntary 
motor control, decision-
making, personality, and 
speech production (Broca’s 
area).

Parietal lobe Positioned behind the 
central sulcus and above 
the lateral sulcus.

It processes 
somatosensory 
information such as 
touch, temperature, 
and proprioception.

Occipital lobe Situated posterior 
to the parieto-
occipital sulcus.

This lobe is the primary 
center for visual 
processing.

Temporal lobe Located below the lateral 
sulcus.

It is involved in auditory processing, memory, 
and language comprehension (Wernicke’s area).

Table 3. 
Major cerebral lobes and their anatomical locations.
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by the inferior cerebellar peduncles. The brain stem consists of the midbrain, pons, 
and medulla oblongata (Figure 3). The brainstem gives rise to 10 of the 12 cranial 
nerves (Table 4).

The gray matter within the brainstem consists of nerve cell bodies and forms 
many important brainstem nuclei. The white matter tracts of the brainstem 
include axons of nerves traversing their course to different structures; the axons 
originate from cell bodies located elsewhere within the central nervous system 
(CNS) (Table 5) [34].

The midbrain connects the pons to the diencephalon. It communicates with the 
cerebellum via the superior cerebellar peduncle. It consists of two lateral halves called 
cerebral peduncles. Each peduncle is divided into an anterior part, the crus cerebri. 
The narrow cavity of the midbrain is cerebral aqueduct [29].

The pons is situated on the anterior surface of the cerebellum below the midbrain 
and above the medulla oblongata. It is composed of nerve fibers which connect the 
two halves of the cerebellum. The pons contains the ascending and descending fibers 
connecting the forebrain, midbrain, and the spinal cord [29].

Conical in shape, the medulla oblongata connects the pons above to the spinal cord 
below. It consists of a median fissure on the anterior surface and on each side, called 
the pyramids. They are bundles of nerve fibers originating from large nerve cells of 
precentral gyrus. The pyramids taper below, and here most of the descending nerve 
fibers cross to the opposite side of the body, forming decussation of the pyramids 
[29]. Figure 4 illustrates the flow of the cerebrospinal fluid (CSF), Figure 5 the blood 
supply to the brain, and Table 6 the brain stem reflexes.

Figure 3. 
Anatomy of brain stem.
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3. Differentiating brain death vs. coma vs. persistent vegetative state

3.1 Brain death (BD)

Brain death (BD) is the irreversible cessation of all functions of the entire brain, 
including the brainstem. It is legally and medically recognized as death [35–37]. Key 
Features of diagnosing BD include:

•	 No brain activity: All parts of the brain, including the brainstem, have stopped 
functioning [38].

•	 No consciousness or awareness.

•	 No brainstem reflexes [39].

Cranial nerve (CN) Name Origin from brainstem Function

CN III Oculomotor Midbrain Eye movement, pupil 
constriction

CN IV Trochlear Midbrain (dorsally) Eye movement (superior oblique 
muscle)

CN V Trigeminal Pons Facial sensation, chewing

CN VI Abducens Pontomedullary 
junction

Eye movement (lateral rectus 
muscle)

CN VII Facial Pontomedullary 
junction

Facial expression, taste (anterior 
2/3 tongue)

CN VIII Vestibulocochlear Pontomedullary 
junction

Hearing and balance

CN IX Glossopharyngeal Medulla Taste (posterior 1/3 tongue), 
swallowing

CN X Vagus Medulla Parasympathetic to thorax and 
abdomen

CN XI Accessory 
(Spinal)

Medulla/spinal cord Shoulder and neck muscles 
(sternocleidomastoid, 
trapezius)

CN XII Hypoglossal Medulla Tongue movement

Table 4. 
Cranial nerves and its functions.

Brainstem part Anatomical location and 
description

Function

Midbrain Uppermost part, below 
thalamus

Visual and auditory reflexes, motor coordination (via 
substantia nigra)

Pons Middle part Bridges cerebrum and cerebellum, regulates breathing

Medulla 
Oblongata

Lowest part, continues into 
spinal cord

This lobe is the primary center for visual processing

Table 5. 
Anatomical description and function of brain stem part.
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•	 No spontaneous breathing: patient is dependent on a ventilator [39].

Irreversible-recovery is impossible [39].

It is paramount that a clear catastrophic cause leading to brain damage must be 
established. The cause must have led to irreversible loss of all brain and brainstem 
function (Table 7) [38, 39].

3.2 Coma

Coma is a disorder of consciousness that is characterized by a state of profound 
irresponsiveness and a lack of awareness that persists for more than 1 hour. There is 
no wakefulness or awareness [37].Key features of a coma include:

•	 Unarousable unconsciousness: The patient cannot be awakened and shows no 
purposeful response to stimuli.

Figure 4. 
Flow of CSF.
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•	 Some brainstem reflexes may be preserved (e.g., pupils may react to light) [39].

•	 Breathing is often present without mechanical support.

•	 Brain activity is present but depressed; EEG shows some function [38, 39].

Potential for recovery or progression to other states (e.g., vegetative state or brain 
death) [40].Coma results from diffuse or focal brain injury [36, 39]. It is diagnosed 
based on clinical examination, including assessment of responsiveness, reflexes, and 
imaging to rule out reversible causes. The prognosis of coma is variable; recovery 
depends on cause, severity, and duration [40].

A vegetative state is a condition of wakefulness without awareness, typically fol-
lowing coma. The patient may open their eyes and display sleep-wake cycles but lacks 
evidence of conscious awareness [39–42]. Vegetative state is broadly classified into:

•	 Persistent Vegetative State: Lasts more than 1 month

•	 Permanent Vegetative state: Irreversible: typically, after 3 months (non-trau-
matic) or 12 months (traumatic)

Figure 5. 
Blood supply to the brain.
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The key features of vegetative state include:

•	 No awareness of self or environment.

•	 Sleep-wake cycles are present; eyes may open spontaneously.

Brainstem reflex tests

Test Cranial nerve Test details (brainstem level) Response in 
brainstem death

Sensory 
(Afferent)

Motor 
(Efferent)

Pupillary 
response

II III A bright light shone into each eye in 
turn. Direct and consensual reflexes 
should be sought (mid brain)

Absence of 
pupillary 
constriction

Corneal 
reflexes

V VII The cornea is brushed lightly with a 
swab (pons)

No blinking

Oculo-
vestibular 
reflexes

VIII III, IV, VI 50 ml of ice cold saline is instilled into 
the external auditory meatus over 
1 min. The tympanic membrane should 
be visualized by otoscopy before testing. 
Both sides should be tested though 
inability to perform the test on one side 
does not invalidate the test (pons)

No eye movement

Response 
to painful 
stimulus

V VII Painful stimulus is applied to the supra 
orbital ridge (pons), and also to the 
limbs and trunk

No motor 
response in 
the cranial 
distribution

Gag reflex IX X The pharynx is stimulated with a 
spatula or similar device (medulla)

No gag or 
pharyngeal 
contractions

Cough reflex X X A bronchial catheter is passed to the 
carina (medulla)

No cough

Table 6. 
Brain stem reflex tests.

Feature Brain death Coma Vegetative state

Consciousness Absent Absent Absent

Wakefulness Absent Absent Present (sleep-wake cycles)

Brainstem Reflexes Absent May be present Present

Spontaneous Breathing Absent Usually, present Present

EEG Activity None Depressed but present Variable, may be present

Recovery Possible Never Sometimes Rarely

Legal Status Dead Alive Alive

Prognosis Fatal Variable Poor, rarely improves

Table 7. 
Comparison table.
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•	 Basic brainstem functions are preserved.

•	 Reflexive or spontaneous movements may occur, but not purposeful.

•	 Some patients may recover partially, but most remain severely disabled.

Vegetative state often follows coma when there is severe damage to the cerebral 
cortex but sparing of the brainstem, allowing for autonomic and sleep-wake func-
tions to persist.

4. �Clinical criteria for brain death determination: Prerequisites and 
neurological examination

There is a worldwide variance in methods used in the determination of BD/DNC 
[23, 43–46]. In 2023, the American Academy of Neurology, American Academy of 
Pediatrics, Child Neurology Society, and Society of Critical Care Medicine published 
the most up-to-date Guideline for Pediatric and Adult BD/DNC Determination 
(Table 8). However, it is always advised to follow national protocols.

Components

Age •	 >37 weeks corrected gestational age

Etiology •	 Establish the presence of a catastrophic, permanent brain injury caused 
by an identified mechanism known to lead to BD/ DNC in the absence of 
confounders.

•	 Do not perform a BD/DNC evaluation if there is any evidence of conscious-
ness, preservation of any brainstem reflex, motor movements mediated by 
the brain/brainstem, or spontaneous breathing.

•	 Conduct further diagnostic evaluation and do not evaluate for BD/DNC if a 
patient is comatose, is apneic, and has no brainstem reflexes, but there is no 
identified mechanism of brain injury known to lead to BD/DNC.

Observation period after 
brain injury and before 
initiating the BD/ DNC 
evaluation

•	 Observe for at least 48 h after acute brain injury before initiating BD/DNC 
evaluation in patients younger than 24 months.

•	 Observe for at least 24 h after hypoxic-ischemic brain injury before initiating 
BD/DNC evaluation in patients 24 months or older.

•	 Observe for enough time (based on the pathophysiology of the brain injury) 
after brain injury before initiating BD/DNC evaluation to ensure that there is 
no potential for recovery.

•	 Observe for enough time (based on the pathophysiology of the brain injury 
and the findings on neuroimaging) after medical or surgical interventions to 
treat elevated intracranial pressure before initiating BD/DNC evaluation to 
ensure that there is no potential for recovery.

Severity of brain injury •	 Establish that brain injury is permanent (function is lost and will not resume 
spontaneously and medical interventions will not be used to attempt to 
restore function).

Neuroimaging results •	 Ensure that neuroimaging is consistent with the mechanism and severity of 
brain injury.

•	 Ensure that neuroimaging shows evidence of catastrophic supratentorial 
injury before BD/ DNC evaluation in patients with primary posterior fossa 
injury.
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4.1 Minimal clinical criteria for determination of BD/DNC

Diagnosing brain death (BD) or death by neurologic criteria (DNC) is a clinical 
decision requiring meticulous evaluation. A comprehensive assessment of the patient’s 
clinical history, underlying etiology, and neuroimaging must confirm a permanent 
catastrophic brain, consistent with BD/DNC criteria. All potential confounding 
factors-including metabolic imbalances, drug intoxication, or hypothermia-must 
be systematically excluded. Repeated evaluations or ancillary testing (e.g., TCD or 
scintigraphy and angiography) are critical when ambiguities arise, as numerous docu-
mented instances of reversible BD have been reported [47–65]. Multiple case reports of 
situations falsely suggesting BD/DNC have been published in the literature [66–70].

Before initiating the determination of BD/DNC, it must be confirmed that 
the patient has a well-established neurologic diagnosis of a type and severity that 

Components

Temperature •	 Core temperature °>36 C

•	 Wait at least 24 h after rewarming to °36 C  before BD/DNC evaluation if 
core body.

Blood pressure •	 Ensure that systolic blood pressure is ≥100mm Hg  and mean arterial 
pressure is ≥ 75mm Hg  (only the mean arterial pressure goal is applicable 
on veno-arterial extracorporeal membrane oxygenation) in adults.

•	 Ensure that systolic and mean arterial pressure are ≥5th  percentile for 
age (only the mean arterial pressure goal is applicable on veno-arterial 
extracorporeal membrane oxygenation) in children.

•	 Target a systolic and mean arterial pressure that approximates the known 
chronic baseline for patients who have a baseline blood pressure that varies 
significantly from their age-based normal.

Exclude intoxication •	 Exclude intoxication by any substance that can depress the central nervous 
system by

i.	Ensuring blood and urine drug screen are negative (if clinically indicated).

ii.	Ensuring the serum level is therapeutic or subtherapeutic and not 
considered to contribute to the neurologic state.

iii.	Waiting at least 5 half-lives, taking hepatic or renal dysfunction, body 
mass index, body temperature (hypothermia), and age into consideration 
(pharmacokinetic table provided for common drugs that depress the central 
nervous system).

•	 Ensure the pentobarbital level is <5ug/mL or below the lower limit of detec-
tion for the laboratory (if administered)

•	 Ensure blood alcohol level is <80 mg/dL

Exclude pharmacologic 
paralysis

Exclude pharmacologic paralysis, if administered or suspected, using a train-of-
four stimulator or demonstration of deep tendon reflexes.

Laboratory parameters •	 Exclude severe metabolic, acid-base or endocrine disturbance.

•	 Evidence of neuroendocrine function does not preclude BD/DNC 
evaluation.

Other considerations •	 Pregnancy is not a contraindication for BD/DNC evaluation.

Table 8. 
2023 American Academy of Neurology, American Academy of Pediatrics, Child Neurology Society, and Society of 
Critical Care Medicine Guideline for Pediatric and Adult BD/DNC Determination.
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can cause a permanent loss of consciousness, permanent absence of all brainstem 
reflexes, and an irreversible inability to breathe spontaneously in response to elevated 
carbon dioxide and acidosis. Before testing for BD/DNC, one of the following must be 
present:

•	 Neuroimaging evidence of intracranial hypertension, such as severe cerebral 
edema and herniation,or

•	 Intracranial pressure measurements that are equal to or greater than the mean 
arterial pressure.

If neuroimaging does not show evidence of herniation, it is recommended to 
proceed with caution when considering an evaluation for BD/DNC.

4.1.1 Prerequisites before proceeding with an evaluation for BD/DNC

•	 The patient’s core temperature should be at least 36°C.

•	 Adults must have a systolic blood pressure of at least 100 mm Hg and a mean 
arterial pressure of at least 75 mm Hg; pediatric patients should meet age-appro-
priate blood pressure targets.

4.1.2 Confounding factors that must be excluded before performing brain stem testing

•	 Pharmacologic paralysis.

•	 The effects of central nervous system (CNS) depressant drugs and toxins.

•	 Blood alcohol level must be 80 mg/dL or lower.

•	 Severe metabolic, acid-base or endocrine disturbances that could affect the 
neurologic exam must be corrected. If these cannot be fully corrected ancillary 
testing should be used to confirm the diagnosis.

4.1.3 Interventions and observation periods

Interventions to reduce intracranial pressure should be performed only when 
clinically necessary. A sufficient observation period should be considered before 
proceeding with clinical testing for BD/DNC:

For anoxic brain injury following resuscitated cardiac arrest, at least 24 hours of 
observation after rewarming is recommended.

For other types of brain injury, the optimal observation period is not clearly 
defined and should be determined by clinical judgment.

4.1.4 Clinical testing

It is universally agreed that the clinical evaluation for determination of BD/DNC 
includes an assessment for coma and an evaluation for brainstem areflexia to demon-
strate that:
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1.	There should be no motor responses originating from the brain.

2.	There should be no pupillary reaction to bright light, with the pupils typically 
found in a mid-position (approximately 4–6 mm). Although pupils may initially 
be dilated in cases of brain death due to a surge of adrenal catecholamines, they 
generally return to a mid-position after several hours.

3.	Corneal reflexes must be absent. This is assessed by gently touching the cornea 
with a cotton swab or by applying drops of water or saline solution, which is 
preferred for repeated testing to reduce the risk of corneal abrasion.

4.	Absent oculocephalic reflex

5.	There should be no cough response when the trachea is suctioned

6.	Absent sucking or rooting reflexes in <6 months old.

7.	Apnea as demonstrated by apnea test [44, 71–74].

4.2 Indications for ancillary testing

In most instances, brain death (BD) or death by neurological criteria (DNC) is 
diagnosed through a clinical evaluation, and extra tests are rarely needed. However, 
extra tests are needed when clinical exams or apnea testing cannot be done or are 
inconclusive. This can happen when the patient has suffered a head or neck injury 
that makes it hard to properly assess brainstem reflexes, apnea testing cannot be 
conducted safely because of the risk of hypoxia, when neurological signs are incon-
clusive, or when their metabolic imbalances are not easily corrected.

4.3 Spinal cord reflexes in brain stem death testing

Spinal cord reflexes may occur in response to certain stimuli. These reflexes may 
get weaker with repeated stimulation (habituation) and occur as a reflex and are 
not purposeful. Polysynaptic spinal reflexes and automatisms usually do not show 
up until after brain death, but when they do, they are seen as proof of brain death as 
they occur after spinal shock sets in. Most of these reflexes happen within 24 hours of 
brain death and do not last longer than 72 hours.

Spinal cord reflexes represent primitive motor patterns that become unmasked 
when the brainstem and neocortex no longer exert control over the spinal cord. They 
are thought to result from hypoxia and hypercapnia-induced activation of cervical 
spinal cord neurons that are isolated from higher brain regions. Mechanical factors, 
such as stretching of the spinal roots or compression of the spinal cord – triggered by 
noxious stimuli or neck flexion – may also contribute to these movements.

About 33–75% of brain-dead patients show spinal reflexes and automatisms, 
which can occur spontaneously or triggered by touch [75–77]. Some common exam-
ples are facial twitching (myokymia), eye tremors, changes in the pupils that happen 
in cycles, and autonomic responses like sweating or a fast heart rate. Neck flexion 
might produce more complicated reflexes like the Lazarus sign, in which the patient’s 
trunk and limbs move in sync. Other movements include bending the fingers, the 
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triple flexion response, moving the toes in a wave-like pattern, posturing, myoclonus, 
opening the eyelids, turning the head, and even breathing-like movements. This 
can happen in the first 24 hours and rarely last more than 72 hours [78–80]. Table 9 
examines some condition which mimic brain death.

5. �Apnea test in the diagnosis of brain death

Confirmation of the irreversible loss of all brain functions, including the respira-
tory centers of the brainstem, is necessary for the clinical diagnosis of brain death. By 
confirming that there is no respiratory drive despite hypercapnia and acidosis—con-
ditions that typically stimulate breathing via medullary centers—the apnea test plays 
a crucial role [81, 82]. The respiratory centers are strongly activated when arterial 
PaCO₂ rises to ≥60 mm Hg (or by ≥20 mm Hg above baseline) because CO₂ diffuses 
into the inefficiently buffered cerebrospinal fluid very quickly. The apnea test is only 
conducted after all other criteria for brain death have been met to prevent complica-
tions such as hypoxemia or cardiovascular collapse [83].

The number of tests needed varies; for adults, one apnea test is enough, but 
pediatric patients require two tests, each following a different neurological examina-
tion [81].

Patients at high risk of cardiopulmonary decompensation, such as those with 
severe hypoxia, hypotension, or arrhythmias, are contraindications for the apnea test. 
In these situations, an ancillary study should be utilized in place of the test [81].

Since motor output may be compromised despite intact brainstem function, 
other conditions such as neuromuscular disorders (e.g., GuillainBarré and myasthe-
nia gravis) or high cervical spinal cord injuries may invalidate the apnea test [83]. 
However, ancillary testing is necessary to confirm brain death in these situations, and 
the neurological examination and apnea test should be carried out as thoroughly as 
possible [84].

1.	Locked-in syndrome

2.	High C-spine injury

3.	Hypothermia

4.	Drug intoxication •	 Tricyclic antidepressants

•	 Lidocaine

•	 Baclofen

•	 Sedatives, especially barbiturates

•	 Paralytics

•	 Anticholinergics

•	 Bupropion

•	 Valproic acid

•	 Organophosphate intoxication

5.	Neuromuscular paralysis, as found in 
severe, acute polyneuropathies such as

Guillain-Barré syndrome (some may also have autonomic 
dysfunction, including pupillary areflexia) or with 
neuromuscular blocking agents, such as botulism

Table 9. 
Brain death mimics.
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5.1 Prerequisites for performing the apnea test

Deviation from the prerequisites, such as hypotension or inadequate preoxygen-
ation, or electrolytes or acid-base abnormalities or arrhythmias, can lead to complica-
tions during apnea test. A study by Goudreau et al. [85] showed that complications 
occurred in approximately one in four apnea tests, occurring significantly more often 
in patients who had unfavorable conditions before the apnea test (39%) than in those 
without these unfavorable factors (only 15%) [85]. Therefore, it is of the utmost 
importance to meet the following criteria before beginning:

•	 Core temperature ≥ 36°C.

•	 Systolic blood pressure ≥ 100 mmHg and mean arterial pressure ≥ 75 mmHg.

•	 PaO₂ > 200 mmHg after preoxygenation.

•	 pH in normal limits, 7.35–7.45.

•	 Normovolemia (usually aiming for positive balance in the previous 6 hours).

•	 Acceptable electrolyte levels.

5.2 Preparation for apnea testing

1.	Preoxygenation for ≥10 minutes with FiO₂ 100% on the ventilator (and through 
the membrane lung, for patients on extracorporeal membrane oxygenation) to 
achieve PaO₂ ≥ 200 mmHg. Supplying 100% O₂, effectively washes out nitrogen 
from the lungs, increasing the oxygen reservoir and thereby prolonging the safe 
apnea time [86, 87].

2.	Adjustment of ventilatory rate and tidal volume to achieve normocapnia (PaCO₂ 
35–45 mmHg). In CO₂ retainers, target the chronic baseline PaCO₂ if the base-
line PaCO₂ is known, or the estimated chronic baseline if the baseline PaCO₂ is 
unknown.

3.	Arterial line is recommended for continuous BP monitoring, pressor titration, 
and quick extraction of blood gases.

5.3 Standard procedure for apnea test

The first step in the apnea test is to expose the chest and abdomen and watch for 
spontaneous breathing while the ventilator is disconnected. Apneic oxygenation is 
maintained by using an insufflation catheter that is less than 70% the diameter of the 
endotracheal tube, delivering 100% oxygen at a rate of 4–6 L per minute. Increased 
flows could lengthen the test and partially clear CO₂ [83] or a Continuous Positive 
Airway Pressure (CPAP) on a ventilator set to the previous PEEP level (Table 10).

Abdominal or chest movements that produce sufficient tidal volume are indicative 
of true breathing. Respiratory-like movements, such as shoulder elevation, back arch-
ing, or intercostal expansion without significant tidal volume, can emerge later in the 
test and may be confused with actual breathing, even though spontaneous respirations 
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usually occur early. A spirometer can verify the lack of tidal volume in situations where 
there is uncertainty [84]. Attention should be paid to auto-triggering brought on by 
condensation or cardiac oscillations might mistakenly imply breathing [81].

5.4 Apnea test interpretation

The test is positive (i.e., confirms brain death) if no respiratory movements are 
observed while the following occur simultaneously [81]:

1.	PaCO₂ ≥ 60 mmHg

2.	Increase of PaCO2 ≥ 20 mmHg from baseline

3.	pH < 7.30

The test is negative if any respiratory movement is perceived during the observa-
tion period, that is, the patient does not meet criteria for BD/DNC.

Apnea test is considered inconclusive if:

1.	The test duration is insufficient to reach the required thresholds. This may hap-
pen in patients with:

i.	Low baseline PaCO₂ (e.g., chronic hyperventilation or respiratory alkalosis).

ii.	Severely impaired gas exchange, where CO₂ rise is slow or O₂ desaturation 
occurs early.

3.	The test is technically feasible but physiologically unreliable due to impaired 
respiratory motor output, regardless of brainstem function (e.g., high cervical 
spine cord injury and neuromuscular diseases).

4.	The test is aborted because of any complications, such as

i.	≥1 breath (the test is negative, i.e., the patient does not meet criteria for BD/
DNC)

ii.	Systolic blood pressure < 100 mm Hg or mean arterial pressure < 75 mmHg in 
adults or < 5th percentile for age in children despite titration of vasopressors, 
inotropes, and/or intravenous fluids

Concern Risk Solution

Auto-triggering Cardiac oscillations mimicking effort Disable triggering/adjust sensitivity

Machine breath 
delivery

Apnea backup mode Backup rate = 0, PS = 0

Test ambiguity False interpretation of spontaneous 
effort

Alarms off, careful observation

Table 10. 
The use of ventilator CPAP is safe and acceptable if configured properly.
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iii.	Progressive decrease in O₂ saturation < 85%

iv.	Cardiac arrhythmia with hemodynamic instability

6. Ancillary methods to diagnose brainstem death

Since ancillary methods provide objective proof of irreversible brainstem failure, 
they are crucial for diagnosing brainstem death (BSD) in situations where clinical 
exams are unclear or confusing. Important standardized assessments include:

i.	Electroencephalography (EEG) as a supplement rather than a stand-alone test 
because it measures cortical activity and electrocerebral silence indicates BSD.

ii.	Somatosensory Evoked Potentials (SSEPs) and Brainstem Auditory Evoked 
Potentials (BAEPs), which are technically difficult but advised by the UK 
Academy of Medical Royal Colleges (AoMRC), aid in the detection of severe 
brain dysfunction and brainstem failure, respectively [88].

iii.	Transcranial Doppler (TCD) as an ancillary test shows cerebral circulatory arrest 
with waveforms and has been shown to be 98% specific for BSD [89, 90].

iv.	Four-vessel angiography is the invasive gold standard for detecting the absence 
of intracranial blood flow, while CTA and MRA are alternatives that are less 
invasive is angiography [91].

v.	Radionuclide scintigraphy, which uses technetium-99 m scans to confirm BSD by 
demonstrating no intracranial uptake [90].

With four-vessel angiography as the gold standard and multimodal techniques 
like TCD and scintigraphy being extremely specific, ancillary tests complement 
clinical diagnosis but do not replace it; the decision is based on local legal and clinical 
expertise.

7. �Legal frameworks variability in national and institutional guidelines

The diagnosis of brainstem death (BSD) is a critical and irreversible determination 
with profound medical, legal, and ethical implications. Recent guidelines from major 
international societies—including the European Society of Intensive Care Medicine 
(ESICM), the American Academy of Neurology (AAN), the UK Academy of Medical 
Royal Colleges (AoMRC), and the Australian and New Zealand Intensive Care Society 
(ANZICS) provide standardized protocols for BSD diagnosis. While these guidelines 
share core principles, key differences exist in ancillary testing, prerequisites, and 
procedural details (Table 11).

7.1 Differences in prerequisites for BSD testing

Before beginning brainstem death (BSD) testing, all major guidelines require 
that confounding factors such as sedation, hypothermia, and metabolic disturbances 
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Criteria ANZICS (2023) ESICM (2022) AAN (2010) UK AoMRC (2025)

Prerequisites

Observation period ≥ 4h  (adults); 24 h (children) 12–24 h (injury-dependent) ≥ 6h  (adults) ≥ 6h  (adults); 24 h (children)

Anoxic injury delay 24 h 72 h 24 h 24 h

Clinical examination

Examiners 2 ICU/neuro consultants 2 physicians (1 intensivist) 1 neurologist +1 physician 2 senior consultants

Apnea test Mandatory ( ≥2PaCO 60  mmHg) Mandatory Mandatory Optional if ancillary test used

Exam intervals ≥ 4h  (with ancillary test) Single exam + ancillary test ≥ 6h ≥ 6h

Ancillary test

First-line Angiography/scintigraphy TCD/CTA Scintigraphy/angiography Scintigraphy

Second-line EEG EEG EEG TCD/CTA

Excluded TCD — — —

Special populations

Children 3 exams +24 h observation 2 exams +24 h observation Deferred to pediatric protocols 2 exams +24 h observation

Pregnancy Explicit fetal monitoring Not addressed Not addressed Not addressed

Legal Independent 2nd team confirmation No explicit witness requirement No explicit witness requirement Second consultant con

Table 11. 
Comparison of international BSD guidelines.
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be ruled out. A 12- to 24-hour observation period following injury is advised by 
the ESICM prior to testing; this period is further prolonged for anoxic brain injury 
treated with therapeutic hypothermia [90]. The AAN mandates two clinical exami-
nations spaced at least 6 hours apart but does not specify an observation period. 
According to the AoMRC, senior clinicians must conduct two examinations 6 hours 
apart for adults and 24 hours apart for children [88]. Adults may undergo expedited 
testing as soon as 4 hours following an injury, according to ANZICS guidelines.

7.2 Differences in clinical examination criteria

To diagnose brain death, the ESICM, AAN, AoMRC, and ANZICS all concur that 
an apnea test with PaCO₂ ≥60 mmHg or a 20 mmHg increase from baseline is neces-
sary, as is confirmation of absent brainstem reflexes. But when clinical examinations 
are not conclusive, they diverge in ancillary testing: Transcranial Doppler (TCD) or 
CT angiography (CTA) is preferred by ESICM, with EEG as a backup; EEG, cere-
bral angiography, or scintigraphy are equally recommended by AAN; radionuclide 
scintigraphy or TCD is preferred by AoMRC, with CTA as a backup; and four-vessel 
angiography or scintigraphy is recommended first by ANZICS, excluding TCD 
because of operator dependence and using EEG as a backup [92]. AAN employs a 
particular pediatric protocol, ESICM and AoMRC demand 24–48 hours of observa-
tion for pediatric brain death, and ANZICS adheres to ESICM/AoMRC timing but 
requires three tests. In hypoxic-ischemic injury cases, ESICM advises longer waiting 
(72 hours) versus AAN’s 24 hours.

8. �Evaluation of brain death in special groups

8.1 Brain death in pregnancy

The assessment of brain death in pregnant individuals is particularly very chal-
lenging as it intertwines medical and ethical factors, compounded by legal issues 
within the critical care domain. Though the core neurological criteria for diagnosing 
brain death stay uniform across different groups, pregnancy carries distinct physi-
ological and ethical challenges that necessitate a tailored approach for protocols 
leading to collaborative management strategies [46, 93, 94]. Medical literature is 
documenting a rising trend of prolonged maternal physiological support following 
brain death (MPS-BD) in pregnant individuals declared brain-dead at gestational 
stages far below the threshold of fetal viability. Current research indicates that the 
standard criteria for diagnosing brain death can be effectively applied to pregnant 
patients, although certain adjustments to testing procedures may be required to 
ensure the safety of the fetus; the apnea test should not be performed; other means, 
such as radiologic absence of cranial blood flow, should be utilized for the formula-
tion of the diagnosis of BD [95].

8.1.1 Clinical management and somatic support challenges

Pregnant women rarely experience brain death; according to one study, only 5 out 
of 252 brain-dead patients (2.8%) were pregnant women between the ages of 15 and 
45 [96]. A minimum gestational age for supporting a brain-dead mother and her fetus 
is not universally agreed upon, but after 24 weeks, the chances of survival improve 
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dramatically, rising from roughly 20–30% at 24 weeks to nearly 98% at 32 weeks, with 
a decline in the likelihood of severe disability [97]. Other factors that affect survival 
include the age of the mother and any underlying brain pathology [92]. In such 
cases, prolonged somatic support frequently results in severe complications, such as 
infections, hormone imbalances, and cardiac problems, that necessitate critical care 
[98, 99]. According to the American Academy of Neurology, families should be well-
informed about legal issues and fetal outcomes are considered when deciding whether 
to continue or stop support, while considering the patient’s and family’s desires, legal 
considerations, possible fetal brain damage, and fetal viability [100].

Because decisions must weigh the interests of the brain-dead mother and the 
viable fetus, guided by bioethical principles like autonomy, beneficence, nonmalefi-
cence, and justice, brain death during pregnancy presents difficult ethical and legal 
issues [99]. While removing support ends the fetus’s life, promoting fetal develop-
ment may clash with upholding the deceased’s dignity. Legally speaking, most hospi-
tal policies are vague about who has the power to make decisions for the fetus, which 
leaves room for involvement from a variety of sources, including family members, 
medical professionals, ethics committees, and government representatives [99]. 
Region-specific laws vary, with some relying on court decisions and others having 
particular statutes.

8.2 Pediatric/neonatal brain death

Due to limited data and developmental differences in the neonatal and pedi-
atric population, brain stem assessments must be carefully modified for neonates 
(≥36 weeks of gestation to 30 days old), infants, and children up to 18 years old 
[25, 26, 73, 79, 101]. While ancillary tests such as EEG or radionuclide cerebral 
blood flow studies are not usually necessary, they may aid in the diagnosis in cases 
where clinical examinations or apnea tests cannot be conducted with reliability.

Two sets of clinical examinations and apnea tests are advised for pediatric BD/
DNC, 12 to 24 hours apart, to verify irreversibility. Patients should be kept in 
an unresponsive coma for at least 24 hours before testing, particularly following 
asphyxia or hypothermia-induced rewarming. For younger patients, tracheal insuf-
flation should be avoided, and age-appropriate targets must be used. Transcranial 
Doppler is not yet approved for use in children, but ancillary tests like EEG or 
radionuclide imaging are acceptable if necessary. Standardized checklists are recom-
mended to increase consistency and accuracy in diagnosing BD/DNC in children, 
and testing must be performed by certified pediatric specialists. Table 12 outlines 
brain death criteria in infants.

8.3 Apnea test in ECMO patients

Up to 25% of patients receiving extracorporeal membrane oxygenation may 
develop BD/DNC, and the apnea test (AT) is essential for neurological evaluation 
to confirm brain death or death by neurological criteria. AT should still be carried 
out, though, unless it is dangerous [102]. In patients receiving ECMO, hypercapnia is 
essential for a reliable AT. Circuit configurations and patient-specific variables affect 
CO2 levels. As blood flows along one side of the membrane oxygenator, gas exchange 
takes place, with sweeping gas moving in the opposite direction to remove CO2 and 
add oxygen. The ability of modern oxygenators to efficiently remove CO2 makes it 
difficult to induce hypercapnia and prolongs tests [3, 27, 102, 103].
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Maintaining patient oxygenation is essential during an AT. A PaO₂ above 
200 mmHg is the goal, and this is accomplished by giving 100% oxygen via the ventila-
tor and ECMO circuit for at least 10 minutes. The extracorporeal circuit is necessary 
for oxygenation in veno-venous (VV) ECMO, but differential hypoxia in veno-arterial 
(VA) ECMO can make it more difficult. Continuous Positive Airway Pressure (CPAP) 
can help oxygenate the lungs. The ECMO circuit is the only source of oxygenation if 
mechanical ventilation is stopped while receiving ECMO support [104].

In VV ECMO, radial artery samples generally reflect systemic oxygenation [105]. In 
VA ECMO, the mix of native cardiac and ECMO flows can create a watershed area where 
gas tensions vary depending on the sampling site [106, 107]. Therefore, it is recom-
mended to sample from both the right radial artery and post-oxygenator sites to confirm 
that PaCO2 targets are met and cerebral perfusion is adequately represented [27, 107].

Due to altered drug metabolism in critically ill ECMO patients, more time may be 
needed beyond five drug half-lives to rule out pharmacological confounders [103]. 
Continuous monitoring of hemodynamics, oxygen saturation, and serial ABGs (typi-
cally every 5 minutes) is key to ensuring test validity and patient safety [27].

During AT, ECMO patients are at risk of hypotension, hypoxia, and acidosis 
[27, 103]. Preparing in advance with appropriate vasoactive support and CO2 man-
agement increases safety. If the patient becomes unstable, ancillary tests should be 
used instead [108, 109].

Whether ancillary testing is required varies by country. EEG and TCD are usually 
feasible [109]. CT angiography and cerebral scintigraphy require patient transport 
and may be less reliable due to ECMO flow dynamics. TCD tends to be reliable in VA 
ECMO if pulsatile flow remains [108].

9. �Religious beliefs on brain death

9.1 Islamic views on death

Islamic theology posits that life and death are exclusively within the authority of 
Allah, as stated in the Qur’an: “It is He who gives life and causes death” (Qur’an 10:56).

Criterion Requirement

Age Term newborn (>37 weeks) to <1 year

Prerequisites Correct hypothermia, hypotension, metabolic/drug effects

Clinical exams 2 exams by different physicians

Observation period 24 h (newborns to 30 d) 12 h (>30 d to 18y)

Brainstem reflexes Absent
Absent

Apnea test Required, with adequate 2CO  stimulus

Neuroimaging Evidence of irreversible CNS injury

Temperature ( )° °>35 C 95 F
*These criteria are based on consensus guidelines from the American Academy of Pediatrics, American Academy of 
Neurology, and other international bodies.

Table 12. 
Brain death criteria in infants.
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The Hadith of the Prophet Muhammad, who said, “Sleep is the brother of death”, 
helps to explain this Qur’anic command even more.

Some scholars posit that the persistent presence of a beating heart and other physi-
ological functions in a brain-dead individual, especially if maintained artificially, 
indicates that the soul may not have completely exited, analogous to the state of sleep 
wherein the body remains operational despite the transient absence of complete 
consciousness.

The Islamic Fiqh Academy of the Organization of Islamic Cooperation and the 
Islamic Medical Association of North America have both recognized brain death as 
a valid indicator of death, contingent upon the fulfillment of rigorous diagnostic 
criteria.

9.2 Judaism and Christianity

Most mainstream Christian groups, including the Roman Catholic Church, 
which sees it as a valid sign of death when rigorously diagnosed, accept brain 
death. Jewish beliefs are more varied. Orthodox Judaism often requires the heart 
to stop beating, while Conservative and Reform Judaism may accept brain death 
in some cases.

9.3 Buddhism and Hinduism

In Hindu and Buddhist traditions, death is perceived as the exit of the soul and the 
termination of consciousness.

10. �Future aspects in diagnosing brain death

No single specific test can confirm or refute the diagnosis of BD. A meticulous 
approach combining a thorough neurological clinical assessment, apnea test along 
with ancillary tests is currently adopted but do have their limitations. Future 
research should concentrate on developing a more precise and effective methods 
of diagnosing brain death, discovering new biomarkers, and developing advanced 
neurodiagnostic tools.

Machine learning coupled with neurological investigation, such as training and 
integration of EEG interpretation, radiological neuroimaging (computed tomography 
CT and MRI scans), and analysis through Artificial Intelligence (AI) algorithmic-
based programs are promising [110, 111]. AI can look in depth at brain scans (CTs, 
MRIs) to measure blood flow or diagnose cellular edema.

Finding and establishing a novel biomarker that is both specific and sensitive to 
the irreversible brain cell death is underway [112–116]. Current biomarkers under 
study include:

a.	Glial fibrillary acidic protein (GFAP): This promising novel biomarker is showing 
the potential to differentiate between brain death and serious brain cell injury.

b.	Levels of >1.5 micrograms per liter have strongly predicted brain death.

c.	Neuron Specific Enolase (SNE)

168



Brain Stem Death
DOI: http://dx.doi.org/10.5772/intechopen.1012072

23

d.	The S100 Calcium-Binding Protein Beta (S100b)

e.	Ubiquitin carboxy-terminal hydrolase L1 (UCH-L1)

Current challenges in applying biomarkers include accessibility, requirement to 
have high specificity and high sensitivity regardless of any patient-related variable 
(age, gender, and medical condition), and the scarcity of well-designed trials that 
address the use and the utilization of these biomarkers.

11. �Conclusion

The permanent cessation of all brain and brainstem activity is known as brain 
death. As critical care and organ transplants have improved, this concept has under-
gone significant change. The change from cardiopulmonary to neurological criteria 
for death has previously been impacted by clinical, ethical, and legal considerations. 
The terminology used, the diagnostic processes, and the addition of extra tests, 
however, continue to be contentious. A comprehensive clinical evaluation is required 
to determine brain death, which includes evaluating brainstem reflexes and apnea 
while ruling out conditions like metabolic issues or pharmacological side effects that 
could skew the results.

It is more challenging for certain groups of people, such as children, pregnant 
women, and those receiving extracorporeal membrane oxygenation (ECMO). This 
implies that various techniques are required to ensure the diagnosis is accurate. 
Accepting brain death is made even more difficult by religious and cultural beliefs, 
which highlights the significance of clinician collaboration and sensitivity to these 
concerns.

Future developments in biomarkers, artificial intelligence, and advanced neu-
roimaging could increase the precision and impartiality of brain death diagnosis. 
Standardization of international regulations is still crucial, though, to preserve 
moral integrity and minimize disparities. The diagnosis of brain death ultimately has 
significant ramifications for organ donation, patients, and their families. In addition 
to acknowledging diverse values and opinions, it necessitates rigorous adherence to 
evidence-based guidelines.

More research, education, and global consensus are required in this complex and 
evolving field to improve diagnostic criteria, address ethical concerns, and produce 
better outcomes.
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Chapter 10

Trends in Critical Care Medicine: 
Innovations Shaping the Future
Muhammad Saqib

Abstract

This chapter explores the transformative trends in critical care medicine, focusing 
on how emerging technologies and innovative practices are reshaping patient care 
in intensive care units (ICUs). It examines advancements in artificial intelligence, 
telemedicine, ECMO, and remote monitoring systems, discussing their impact on 
diagnostic accuracy, treatment efficiency, and overall patient outcomes. The chapter 
also highlights the integration of interdisciplinary approaches and the evolution of 
ICU design aimed at improving both clinical and psychological support. By analyzing 
current research, clinical trials, and real-world case studies from global centers of 
excellence, the chapter provides insights into future directions for critical care prac-
tices and strategies to overcome challenges such as resource constraints and workforce 
shortages. Ultimately, it underscores the need for continuous innovation to meet the 
dynamic demands of modern critical care.

Keywords: critical care, medical innovation, artificial intelligence, telemedicine, 
ECMO, remote monitoring, interdisciplinary care

1. �Introduction

1.1 Overview of critical care medicine

Critical care medicine has evolved from a nascent field supporting postoperative 
patients to a sophisticated discipline that manages multi-organ failure, sepsis, and 
acute respiratory distress syndrome (ARDS), among other life-threatening condi-
tions. Modern ICUs are characterized by continuous, high-resolution monitoring, 
integration of advanced therapeutics, and the use of cutting-edge technologies that 
allow for real-time decision-making. Today, our intensive care units are not merely 
places of reactive treatment—they are dynamic hubs of innovation that combine data 
analytics, personalized medicine, and interprofessional teamwork to provide the 
highest standard of care [1].
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2. �Rationale for innovation in the ICU

The rationale for constant innovation in the ICU is multifaceted:
Complexity of illness: With patients presenting with increasingly complex clini-

cal scenarios and multiple comorbidities, a one-size-fits-all approach is no longer 
sufficient.

Technological advancements: Breakthroughs in Artificial Intelligence (AI), telemed-
icine, and sensor technology have opened new avenues for continuous monitoring, 
early detection of deterioration, and personalized therapy.

Global health challenges: The COVID-19 pandemic starkly exposed the limitations 
of traditional critical care systems, highlighting the need for scalable, flexible, and 
technology-driven solutions.

Quality improvement: By reducing human error, standardizing interventions, and 
enabling proactive care, technological innovations have the potential to significantly 
improve patient outcomes, decrease ICU length of stay, and optimize resource 
utilization.

This chapter aims to provide a comprehensive review and in-depth analysis of the 
trends that are transforming critical care medicine. Specific objectives include:

•	 Describing the historical evolution of critical care.

•	 Detailing emerging technologies (AI, telemedicine, ECMO, and wearables) and 
their clinical applications.

•	 Exploring innovative ICU designs that emphasize patient-centered care.

•	 Discussing the role of precision medicine, pharmacogenomics, and biomarker-
guided therapies.

•	 Examining the integration of big data and cybersecurity in modern ICUs.

•	 Addressing challenges and ethical dilemmas associated with advanced 
technologies.

•	 Presenting real-world case studies to illustrate the practical impact of these 
innovations.

•	 Outlining future directions, policy reforms, and global collaboration efforts.

Figure 1 shows a schematic overview of a modern ICU system.
An overview of key technologies in critical medicine is tabulated in Table 1.
Critical care medicine began in the 1950s with transformative innovations such as 

the heart-lung machine, which made open-heart surgery possible. Early ICUs were 
established to care for postoperative patients with limited technology—mechanical 
ventilation was rudimentary, and monitoring was intermittent and manual. As the 
field evolved, new tools like the pulmonary artery catheter enabled precise measure-
ment of hemodynamic parameters, dramatically improving shock management. The 
transition from paper records to electronic health records (EHRs) in the 1990s further 
revolutionized the field by allowing for continuous data capture and analysis [2]. 
Figure 2 shows the timeline of milestones in critical care medicine.
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Table 2 compares the historical versus the modern approaches in critical care.
Over the decades, key milestones have reshaped critical care:
Mechanical ventilation: Early ventilators evolved into modern devices implement-

ing lung-protective strategies to minimize ventilator-induced lung injury [3].
Invasive monitoring: The introduction of devices such as central venous and pulmo-

nary artery catheters revolutionized shock management.
Digital transformation: The transition to EHRs enabled the integration of vast 

patient data streams, paving the way for AI analytics.

Figure 1. 
Schematic overview of the modern ICU ecosystem. Description: This figure illustrates how various technologies—
ranging from AI analytics and wearable biosensors to tele-ICU systems—are interconnected in a modern ICU, 
culminating in enhanced clinical interventions and improved patient outcomes (figure is author’s own original 
work).

Technology Key features Clinical impact Limitations

Artificial 
Intelligence

Real-time analytics, 
predictive algorithms, 
automated imaging analysis

Early sepsis detection 
and personalized 
treatment adjustments

Potential algorithm bias 
and continuous validation 
required

Tele-ICU 
Systems

HD video, remote EHR 
integration, real-time alerts

Increased specialist 
access and reduced inter-
hospital transfers

Network and training 
challenges

ECMO Adjustable flow, advanced 
oxygenators, refined 
anticoagulation protocols

Rescue therapy for severe 
ARDS and cardiac failure

High cost, resource-
intensive, and risk of 
complications

Wearable 
Biosensors

Continuous, non-invasive 
monitoring, wireless data 
transmission

Early detection of 
deterioration and post-
discharge monitoring

Integration with existing 
systems and accuracy 
limitations

Precision 
Medicine

Biomarker profiling, 
genomics integration, and 
tailored dosing algorithms

Personalized therapeutic 
strategies and optimized 
drug therapy

Complexity of data 
interpretation and high 
costs

Table 1. 
Overview of key technologies in critical care medicine.

Figure 2. 
Timeline of milestones in critical care medicine. Description: This figure is a timeline that visually represents key 
milestones in the development of critical care, highlighting how each innovation has built upon previous advances 
(figure is author’s own original work).
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Clinical trials: Landmark studies like the ARDS Network [4], CESAR [5], and 
EOLIA [6] trials have provided evidence for best practices in ventilator management 
and ECMO utilization. ADRENAL trial [7] supported the notion that though steroids 
do not reduce mortality, they may still have secondary benefits, as listed in Table 3.

The landscape of ICU sedation has evolved significantly, initially exploring strate-
gies like daily sedation holidays (Kress et al. [8]) and protocolized weaning (ABC [9]) 
to reduce ventilation time and ICU stay. Subsequent large trials, including SLEAP [10] 
and NONSEDA [11], refined our understanding, indicating the need for careful titra-
tion rather than complete avoidance. More recently, research has concentrated heavily 
on dexmedetomidine, with trials like MIDEX-PRODEX [12] comparing it to other 
agents and large studies such as SPICE-III [13] investigating its impact on mortality, 
collectively shaping current practice toward lighter, more individualized sedation 
goals. See Table 3 for further details.

Fluid management in the ICU has undergone a significant evolution, driven by 
pivotal clinical trials that have challenged long-held beliefs. Moving beyond simple 
volume resuscitation, recent research highlights the crucial distinction between fluid 
types, strongly favoring balanced crystalloids over traditional saline to mitigate renal 
complications. Simultaneously, evidence supports the nuanced application of restrictive 
fluid strategies, particularly in conditions like ARDS, to improve pulmonary mechanics 
and reduce ventilator exposure [14–17]. These landmark studies (described further in 
Table 3) collectively underscore the need for an individualized, dynamic approach to 
fluid therapy guided by patient-specific factors and a clear understanding of the poten-
tial differential impacts of resuscitation fluids on organ function.

Landmark randomized controlled trials have profoundly reshaped our approach to 
red blood cell transfusion in the intensive care unit, largely favoring a more conserva-
tive strategy. Studies such as TRICC [18], TRISS [19], and RELIEVE [20] have pro-
vided robust evidence demonstrating that maintaining a lower hemoglobin threshold 
(typically around 7 g/dL) is non-inferior to a higher threshold (often >10 g/dL) 
regarding mortality in most critically ill patients, particularly those without active 
bleeding or acute coronary syndromes. This evidence base has justifiably driven a sig-
nificant shift toward more restrictive transfusion practices, minimizing unnecessary 
exposures while maintaining equivalent outcomes for the majority of our patients.

Global health crises, such as the H1N1 and COVID-19 pandemics, have accelerated 
innovation in critical care. The COVID-19 crisis, in particular, exposed limitations 
in ICU capacity and resource allocation, prompting the rapid adoption of tele-ICU 
systems, ECMO expansion, and AI-based monitoring tools. These challenges spurred 
a global collaboration that has permanently reshaped critical care protocols and 
accelerated regulatory and funding support for advanced technologies [21].

Aspect Historical approach Modern approach

Monitoring Intermittent and manual checks Continuous and automated digital monitoring

Documentation Paper-based records Cloud-based EHRs and real-time data integration

Treatment 
protocols

Fixed and protocol-based 
interventions

Adaptive, data-driven, and AI-assisted 
personalized protocols

Team structure Siloed and single-discipline 
focus

Interdisciplinary collaboration with simulation 
training

Table 2. 
Historical versus modern approaches in critical care.
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Trial Intervention Key outcomes Clinical implications

ARDS 
network trial

Lower tidal volume 
ventilation (LTVV)

Reduced mortality, 
decreased ventilator-
induced lung injury 
(VILI)

Adopt lung-protective ventilation 
protocols as standard care.

CESAR trial ECMO referral vs. 
standard ventilation

Improved survival in 
ECMO-referred patients

Established ECMO as a viable 
rescue therapy for severe ARDS in 
specialized centers.

EOLIA trial Early ECMO initiation in 
severe ARDS

Mixed mortality results; 
significant crossover to 
ECMO in the control 
group

Refines patient selection and 
timing for ECMO; highlights 
benefit potential upon use.

ADRENAL 
trial

Hydrocortisone vs. 
placebo in ventilated 
patients

No reduction in 3-month 
mortality

Supports hydrocortisone for faster 
recovery/resource use, not routine 
survival benefit.

Kress et al.’s 
trial

Daily interruption of 
sedation (DSI)

Significantly reduced 
time on ventilator (4.9 vs. 
7.3 days) and ICU LOS 
(6.4 vs. 9.9 days)

DSI improves outcomes, 
particularly when baseline sedation 
is deep.

ABC trial Protocolized SATs/SBTs 
(wake/wean)

Improved ventilator-free 
days and shorter ICU 
LOS, lower mortality, and 
higher self-extubation

Wake-and-wean protocols are 
beneficial but require vigilant 
monitoring for self-extubation.

SLEAP trial DSI vs. light and 
continuous sedation

No difference in 
extubation time or other 
outcomes

DSI offers no additional benefit 
over maintaining sensible light 
sedation.

NONSEDA 
trial

Primary avoidance of 
sedation

No change in mortality, 
vent days, or ICU LOS, 
higher self-extubation, 
and crossover

Complete no-sedation strategy 
increases risks and is not 
universally superior.

MIDEX-
PRODEX trial

Dexmedetomidine vs. 
propofol or midazolam

Shorter ventilation vs. 
midazolam, similar vs. 
propofol, and non-
inferior otherwise

Dexmedetomidine is a comparable 
sedative, potentially better for 
ventilation time than midazolam.

SPICE-III trial Dexmedetomidine as the 
main sedative vs. others

No 90-day mortality 
difference, small increase 
in ventilator-free days

Dexmedetomidine as a primary 
sedative does not impact mortality; 
marginal vent-free day gain.

SAFE trial 4% Albumin vs. 0.9% 
saline for resuscitation

Similar 28-day mortality, 
less fluid used with 
albumin

Albumin is a safe alternative to 
saline for resuscitation and may 
reduce fluid load.

SALT and 
SALT-ED trials

Balanced crystalloids vs. 
0.9% saline

Lower Major Adverse 
Kidney Events 
(MAKE30) with 
balanced crystalloids

Prefer balanced crystalloids over 
saline, especially for patients at 
renal risk.

SPLIT trial 0.9% Saline vs. plasma-
lyte 148

No difference in AKI, 
RRT, or mortality (in less 
severe cohort)

Initial data on crystalloid choice; 
findings less conclusive than larger 
trials.

TRICC trial Restrictive (Hb <7) vs. 
liberal (Hb <10) RBC 
transfusion (non-bleeding 
ICU)

No 30-day mortality 
difference

Supports safety/efficacy of 
restrictive RBC transfusion in 
many critical patients.
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3. �Emerging technologies in critical care

AI systems now continuously process data from vital signs, laboratory values, 
and imaging to predict patient deterioration. Deep learning models identify 
subtle changes—such as incremental rises in lactate or shifts in heart rate 

Figure 3. 
AI data pipeline in the ICU. Description: This figure illustrates the process of acquiring patient data, aggregating 
it, processing it through AI algorithms, and generating real-time decision support that leads to timely clinical 
interventions (figure is author’s own original work).

Trial Intervention Key outcomes Clinical implications

TRISS trial Restrictive vs. liberal RBC 
transfusion in septic shock

No 90-day mortality 
difference

Validates restrictive RBC 
transfusion safety in the septic 
shock population.

RELIEVE trial 
(TBI)

Liberal (Hb ≤10) vs. 
restrictive (Hb ≤7) RBC 
transfusion in TBI with 
anemia

No difference in 6-month 
unfavorable neurologic 
outcome or mortality

Liberal transfusion in TBI did 
not improve overall neurologic 
outcome; balance functional gain 
vs. ARDS risk.

Abbreviations: ARDS: Acute Respiratory Distress Syndrome, DSI: Daily Sedation Interruption, ECMO: Extracorporeal 
Membrane Oxygenation, Hb: Hemoglobin, ICU LOS: Intensive Care Unit Length of Stay, LTVV: Lower Tidal Volume 
Ventilation, MAKE30: Major Adverse Kidney Events within 30 days, RBC: Red Blood Cell, RRT: Renal Replacement 
Therapy, SATs: Spontaneous Awakening Trials, SBTs: Spontaneous Breathing Trials, TBI: Traumatic Brain Injury, 
VILI: Ventilator-Induced Lung Injury.

Table 3. 
Summary of key clinical trials impacting ICU practices.
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variability—that may indicate impending sepsis. Early-warning systems trigger 
alerts, enabling timely interventions that have been associated with reductions in 
ICU mortality and length of stay [22].

Advanced algorithms analyze imaging data (e.g., chest X-rays and CT scans) 
with remarkable speed and accuracy. These tools assist in diagnosing conditions like 
pneumonia and ARDS, often delivering results that match expert radiologist inter-
pretations. By standardizing image analysis, AI reduces diagnostic variability and 
expedites clinical decision-making [23].

Personalized decision support integrates patient data—including demographic 
information, EHR inputs, and genomic profiles—to recommend individualized treat-
ment plans. These systems dynamically adjust ventilator settings, fluid management, 
and medication dosing based on real-time data, thus minimizing adverse events and 
optimizing patient care [24]. Figure 3 shows an AI data pipeline in the ICU.

Table 4 shows key AI applications in the ICU.

4. �Telemedicine and remote monitoring

Tele-ICU systems comprise multiple interconnected components:

•	 Bedside monitors: Capture continuous data from patients.

•	 Data transmission networks: Secure, high-speed channels that relay data to remote 
centers.

•	 Remote command centers: Equipped with high-definition video conferencing, 
integrated EHR access, and centralized dashboards.

•	 AI-enhanced alert systems: Prioritize and flag critical events for immediate 
intervention [25].

Figure 4 shows the tele-ICU system architecture.

5. �Clinical outcomes, cost-effectiveness, and global deployment

Tele-ICU systems have demonstrated improved clinical outcomes:

•	 Reduced ICU mortality: Studies report a 10–15% reduction [26].

Application Data sources Predicted outcomes Performance indicators

Sepsis early 
detection

Vital signs, lab values, 
and EHR data

Early identification of 
sepsis

Sensitivity ~85%, 
Specificity ~80%

Automated 
imaging analysis

Chest X-rays and CT 
scans

Detection of pneumonia 
and ARDS

Comparable to expert 
radiologists

Personalized 
ventilator 
adjustments

Continuous 
physiological data and 
patient history

Optimized ventilation 
settings

Reduced adverse events 
and lung injury rates

Table 4. 
Key AI applications in the ICU.
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•	 Shortened ICU length of stay: Up to 25% reduction in stay duration [27].

•	 Cost savings: Decreased inter-hospital transfers and efficient resource allocation 
lower overall costs. These benefits make tele-ICU systems particularly attractive 
for deployment in regions with limited access to specialized care [28].

Table 5 shows the clinical outcomes from tele-ICU implementations.

6. �Extracorporeal membrane oxygenation (ECMO)

6.1 Technological evolution and circuit advances

ECMO technology has advanced considerably:
Adjustable flow rates: Tailor oxygen delivery based on patient requirements.

Outcome measure Improvement (%) Key observations

ICU mortality 10–15% reduction Early remote intervention saves lives

ICU length of stay 20–25% reduction Faster, more efficient patient management

Inter-hospital transfers 60–70% reduction Significant cost savings and reduced transfer risks

Table 5. 
Clinical outcomes from tele-ICU implementations.

Figure 4. 
Tele-ICU system architecture. Description: This figure shows the flow of data from bedside monitors to a remote 
command center where real-time dashboards and AI alerts facilitate timely intervention by remote specialists 
(figure is author’s own original work).
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Advanced oxygenators: Use state-of-the-art membrane materials for efficient gas 
exchange.

Refined anticoagulation protocols: Reduce bleeding and thrombotic complications [29].
Portability: New designs allow for more compact and portable systems, broadening 

clinical applications.
Figure 5 shows the anatomy of an ECMO circuit.

7. �Clinical applications, patient selection, and management protocols

ECMO is used as a rescue therapy in severe ARDS and cardiogenic shock. Patient 
selection criteria include:

•	 Reversibility of the underlying condition.

•	 Absence of contraindications (e.g., irreversible brain injury).

•	 Reasonable likelihood of recovery. Clinical management involves continuous 
monitoring of oxygenator function, adjustment of flow rates, and strict antico-
agulation protocols.

Table 6 shows the comparison of ECMO studies in clinical studies.

Figure 5. 
Anatomy of an ECMO circuit. Description: This figure is an annotated diagram showing the major components 
of an ECMO circuit, including cannulae, pump, oxygenator, heat exchanger, and integrated monitoring sensors 
(figure is author’s own original work).
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Despite its potential, ECMO is resource-intensive. Challenges include high costs, 
the need for specialized teams, and risks such as bleeding, thrombus formation, and 
infections. Future directions focus on:

•	 Miniaturizing ECMO devices.

•	 Enhancing circuit safety with real-time digital monitoring.

•	 Developing protocols for broader, safe deployment in pre-hospital and resource-
constrained settings.

8. �Wearable and smart devices

Wearable biosensors continuously capture patient data non-invasively using 
advanced optical and electronic sensors. These devices measure heart rate, oxygen 
saturation, body temperature, and activity levels, transmitting data wirelessly for 
analysis [31]. Figure 6 shows an example of a wearable biosensor device.

The continuous data streams from wearable devices are fed into AI systems 
for real-time analysis. These systems detect patterns such as gradual temperature 
increases or abnormal heart rate variability that may indicate early deterioration, 
enabling remote monitoring and prompt intervention [32].

Wearable devices extend the continuum of care beyond the ICU. By monitoring 
patients after discharge, these devices help detect complications early, reducing 
readmission rates and facilitating tailored rehabilitation programs [33].

Table 7 shows parameters monitored by wearable devices in critical care.

Figure 6. 
Example of a wearable biosensor device. Description: This figure illustrates a wearable biosensor device with 
components labeled for ECG, pulse oximetry, temperature monitoring, and movement detection, along with 
wireless data connectivity (figure is author’s own original work).

Study Patient population Survival rate (%) Common complications

CESAR trial [5] Severe ARDS patients Approximately 63% Bleeding, thromboembolism

EOLIA trial [6] Refractory ARDS 35–46% Increased thrombocytopenia

Recent studies [30] Mixed critical 
illnesses

Variable, trend toward 
improved outcomes

Circuit-related issues, infection 
risk

Table 6. 
Comparison of ECMO outcomes in clinical studies.
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9. �Innovations in ICU design and patient-centered care

9.1 The ICU of the future

The design of future ICUs emphasizes both technological integration and patient 
comfort. Smart environmental control systems automatically adjust lighting, noise, 
and temperature based on patient needs. Studies have demonstrated that such adjust-
ments can reduce the incidence of delirium and promote better sleep, which is critical 
for recovery. Moreover, modular ICU layouts allow rapid expansion during patient 
surges, ensuring that critical care capacity is maintained even during crises [34]. 
Figure 7 shows the conceptual design of a smart ICU.

Table 8 shows the comparison of a traditional ICU versus a smart ICU.

9.2 Patient-centered approaches

Modern ICU care extends beyond physiological stabilization to include psycho-
logical and emotional support. Non-pharmacologic interventions such as live music 

Parameter Measurement technique Clinical significance

Heart rate Optical sensors, ECG Detection of arrhythmias and cardiac performance

Oxygen saturation 
(SpO₂)

Pulse oximetry Assessment of respiratory function

Body temperature Thermistor Early detection of infection

Mobility and activity Accelerometer Monitoring recovery progress and rehabilitation

Table 7. 
Parameters monitored by wearable devices in critical care.

Figure 7. 
Conceptual design of a smart ICU. Description: This figure is a conceptual rendering showing modular patient 
rooms, a centralized monitoring station, and adaptive environmental controls that work together to optimize the 
ICU environment (figure is author’s own original work).
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therapy, art therapy, and VR relaxation sessions help reduce anxiety, lower sedative 
use, and improve overall patient well-being. Clinical studies have demonstrated that 
these interventions can reduce patient agitation and improve sleep quality [1].

9.3 Family-centered rounds and communication

Incorporating family-centered rounds into daily ICU care enhances communica-
tion and ensures that patient care aligns with family and patient values. In these 
rounds, family members actively participate in discussions, ask questions, and 
provide insights into the patient’s baseline, thereby facilitating more personalized care 
decisions [35].

9.4 Holistic recovery, rehabilitation, and post-ICU care

A comprehensive recovery strategy integrates medical treatment with nutri-
tional support, physiotherapy, and psychological counseling. Early mobilization 
programs and post-ICU rehabilitation, often guided by wearable technology, help 
reduce the incidence of post-intensive care syndrome (PICS) and promote long-
term recovery [36] . Figure 8 shows the components of patient-centered care in 
the ICU.

Table 9 shows the impact of patient-centered interventions.

9.5 Interdisciplinary teamwork and training

Effective critical care is achieved through interdisciplinary collaboration. Daily 
rounds now involve intensivists, pharmacists, respiratory therapists, nutritionists, 
physiotherapists, and mental health professionals, ensuring that all aspects of patient 
care are addressed comprehensively. This teamwork results in faster, more coordi-
nated interventions and reduced errors [37, 38].

Figure 8. 
Components of patient-centered care in the ICU. Description: This figure outlines the integration of medical 
treatment, non-pharmacologic interventions, family-centered rounds, and rehabilitation, all contributing to 
improved patient outcomes and psychological well-being (figure is author’s own original work).

Feature Traditional ICU Smart ICU

Environmental control Manual adjustments Automated, sensor-driven adaptive systems

Patient monitoring Standalone monitors Integrated, continuous digital dashboards

Layout Fixed design Modular and reconfigurable design

Data integration Fragmented data sources Unified EHR with real-time analytics

Table 8. 
Comparison of traditional ICU vs. smart ICU.
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9.6 Simulation and virtual reality training

Simulation-based training and VR platforms allow ICU teams to rehearse complex 
procedures, manage emergencies, and refine communication skills in a safe, controlled 
environment. Regular training sessions improve coordination and preparedness, 
contributing to a reduction in medical errors and enhanced patient outcomes [39–41].

9.7 Integrated communication platforms

Modern communication platforms facilitate real-time data sharing and collabora-
tion among ICU staff. Secure messaging, interactive dashboards, and automated alert 
systems ensure that every team member is updated continuously, leading to more 
effective and efficient patient care [42].

Figure 9 shows the workflow diagram of multidisciplinary ICU rounds.
Table 10 shows the outcomes of interdisciplinary team approaches.

9.8 Precision medicine and pharmacogenomics in the ICU

Precision medicine tailors treatment to the individual patient. By integrating 
clinical data with genomic, proteomic, and metabolomic information, clinicians can 
develop personalized treatment plans that optimize therapeutic efficacy and reduce 
adverse events. This approach enables dynamic adjustment of interventions based on 
the patient’s unique biological profile [43].

Pharmacogenomics examines how genetic variations influence drug response. In 
the ICU, this can guide the dosing of high-risk medications such as antibiotics, seda-
tives, and vasopressors. Genetic profiling helps predict which patients are at risk for 
adverse drug reactions, allowing clinicians to customize dosing regimens and avoid 
potentially harmful side effects [44].

Intervention Outcome improvement Key benefits

Music therapy Reduced agitation and pain Lower sedative use, enhanced mood

VR relaxation sessions Improved sleep, reduced delirium Enhanced comfort and relaxation

Family-centered 
rounds

Increased patient and family 
satisfaction

Better communication and care 
alignment

Table 9. 
Impact of patient-centered interventions.

Figure 9. 
Workflow diagram of multidisciplinary ICU rounds. Description: This figure depicts a workflow of 
interdisciplinary rounds, showing how various specialists collaborate via an integrated communication platform 
(figure is author’s own original work).
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Biomarkers such as procalcitonin, NGAL, and cell-cycle arrest proteins are critical 
in the early detection of organ dysfunction. Rapid biomarker assays allow clinicians 
to initiate targeted interventions, such as fluid resuscitation or renal replacement 
therapy before clinical deterioration becomes irreversible [45, 46].

Figure 10 shows the integration of genomic and biomarker data into personalized 
ICU care.

Table 11 shows the examples of biomarkers in critical care.

Outcome Improvement (%) Observations

Reduction in medical errors 20–30% Enhanced communication reduces mistakes

ICU length of stay 15–20% Timely, coordinated interventions shorten stays

Patient satisfaction High Improved holistic care and communication

Table 10. 
Outcomes of interdisciplinary team approaches.

Figure 10. 
Integration of genomic and biomarker data into personalized ICU care. Description: This figure shows how 
patient data is integrated with biomarker analysis and digital twin simulation to generate a personalized 
treatment plan (figure is author’s own original work).

Biomarker Clinical relevance Intervention trigger

Procalcitonin Bacterial infection, sepsis diagnosis Early initiation of antibiotic therapy

NGAL Early detection of acute kidney injury Adjust fluid management, consider RRT

Cell-cycle arrest 
markers

Prediction of organ dysfunction Intensify monitoring, preemptive 
interventions

Table 11. 
Examples of biomarkers in critical care.
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10. �Big data, Cybersecurity, and health information technology

10.1 Integration of big data analytics in critical care

Big data analytics allow us to harness vast amounts of clinical data to derive 
insights that improve patient care. Integrating data from EHRs, wearable devices, 
laboratory systems, and imaging modalities provides a comprehensive view of patient 
health. Advanced analytics help in predicting adverse events, optimizing resource 
allocation, and tailoring individualized care plans [47, 48].

Cloud-based platforms facilitate real-time data sharing and integration across 
various healthcare systems. Interoperability standards ensure that data from disparate 
sources is harmonized, providing clinicians with a unified view of the patient’s condi-
tion. This integration is critical for effective decision-making and collaboration across 
disciplines [49].

With increasing digitization, protecting patient data is paramount. Robust cyber-
security measures—including encryption, access control, and continuous network 
monitoring—are essential to safeguard sensitive information. Cybersecurity protocols 
ensure the integrity and confidentiality of data, maintaining trust and compliance 
within the digital ICU environment [50, 51].

Figure 11 shows the cybersecurity framework for a digital ICU.
Table 12 shows the key components of big data integration in critical care.

Figure 11. 
Cybersecurity framework for a digital ICU. Description: This figure outlines a cybersecurity framework that 
secures patient data from acquisition to cloud storage and continuous monitoring, ensuring compliance and data 
integrity (figure is author’s own original work).
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11. �Challenges and ethical considerations

11.1 Resource limitations and global disparities

The deployment of advanced critical care technologies is often limited by high 
costs, specialized training needs, and infrastructure deficits. In high-income coun-
tries, access to ECMO, AI, and tele-ICU systems is relatively widespread, yet work-
force shortages remain. Middle- and low-income regions face significant challenges in 
adopting these technologies due to limited funding and infrastructure [52].

Table 13 shows the comparison of critical care resources by region.

11.2 Ethical dilemmas in AI and advanced technologies

Integrating AI and digital technologies into critical care raises several ethical issues:

•	 Algorithmic bias: AI systems must be continually validated to prevent biases that 
could lead to inequitable treatment.

•	 Data privacy and consent: Ensuring patient data is protected through robust 
encryption and adherence to privacy standards.

•	 Clinical autonomy: AI should act as a support tool and not replace the clinician’s 
judgment.

•	 Transparency: Patients and families must be informed about the role of AI in 
their care, ensuring informed consent.

Figure 12 shows the ethical considerations in AI-integrated critical care.

Component Function Clinical benefit

Data aggregation Collects data from multiple sources Comprehensive patient overview

Cloud computing Enables real-time data access and 
sharing

Enhanced collaboration and faster 
decision-making

Interoperability standards Harmonizes data from diverse systems Streamlined workflows, reduced errors

Cybersecurity protocols Protects data integrity and privacy Maintains trust and regulatory compliance

Table 12. 
Key components of big data integration in critical care.

Region Availability of advanced technologies Major challenges

High-income 
countries

High – widespread access to ECMO, AI, 
and tele-ICU systems

Workforce shortages, high operational costs

Middle-income 
countries

Moderate – limited tele-ICU and basic 
ECMO

Budget constraints, infrastructure gaps, and 
training needs

Low-income 
countries

Low – primarily basic monitoring 
equipment

Severe infrastructure deficits, limited 
funding, and expertise

Table 13. 
Comparison of critical care resources by region.
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11.3 End-of-life decisions and equitable resource allocation

Advanced critical care technologies can prolong life but also complicate decisions 
regarding quality of life and resource allocation. Clinicians must balance aggressive 
interventions against the potential for prolonged suffering, particularly in patients 
with a poor prognosis. Equitable triage protocols and the integration of palliative care 
are essential to ensure that treatment decisions respect patient dignity and are based 
on ethical principles.

Table 14 shows the ethical framework for end-of-life decision-making in the ICU.

12. �Next-generation technologies: Nanomedicine, regenerative therapies, 
and digital twins

The future of critical care lies in the integration of next-generation technologies:

•	 Nanomedicine: Research is underway to develop nanoparticle-based drug delivery 
systems that target specific tissues, thereby minimizing systemic side effects and 
maximizing therapeutic efficacy [53].

•	 Regenerative medicine: Stem cell therapies and 3D bioprinting are being explored 
to repair or replace damaged organs. These regenerative approaches could 
dramatically alter the prognosis for patients with end-stage organ failure [54].

•	 Digital twins: The development of digital twin technology—virtual models of 
patients based on real-time data—allows clinicians to simulate various treatment 
strategies and predict outcomes, facilitating truly personalized care [55].

Figure 12. 
Ethical considerations in AI-integrated critical care. Description: This figure illustrates the critical ethical aspects 
of integrating AI into the ICU, including data privacy, bias mitigation, clinical oversight, and transparency with 
patients and families (figure is author’s own original work).

Criterion Considerations Decision pathway

Quality of life Baseline health status, patient values Family consultations and ethics committee review

Clinical prognosis Severity of illness, comorbidities Multidisciplinary team evaluation

Resource availability ICU capacity, cost of interventions Standardized triage protocols

Table 14. 
Ethical framework for end-of-life decision-making in the ICU.
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Figure 13 shows the integration of nanotechnology, regenerative medicine, and 
digital twin technology.

13. �Policy, system reforms, and workforce development

For the successful integration of advanced technologies, systemic reforms are essential:

•	 Funding and subsidies: Establish public–private partnerships and government 
grants to support high-cost technology deployment in underserved areas.

•	 Standardization of clinical guidelines: Develop unified protocols and quality assur-
ance programs for technologies such as ECMO, AI, and tele-ICU systems.

•	 Workforce training: Invest in simulation-based training, continuous education, 
and certification programs to prepare healthcare professionals for the evolving 
technological landscape.

•	 Regulatory frameworks: Update regulations to address data privacy, AI trans-
parency, and interoperability, ensuring patient safety and ethical use of 
technology.

Table 15 outlines policy recommendations for integrating advanced technologies 
into critical care.

Figure 13. 
Integration of nanotechnology, regenerative medicine, and digital twin technology. Description: This figure 
illustrates how nanoparticle drug delivery, regenerative medicine, and digital twin simulations converge to 
provide personalized, precision critical care (figure is author’s own original work).
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14. �Global collaboration and knowledge sharing

•	 Data sharing networks: Expand international registries and databases to facilitate 
the rapid dissemination of clinical data and best practices.

•	 Multicenter clinical trials: Conduct global clinical trials to validate new technolo-
gies across diverse patient populations.

Recommendation Key components Expected outcome

Funding and 
subsidies

Public-private partnerships and targeted 
grants

Broader accessibility in low-
resource settings

Standardization 
protocols

National/international guidelines for 
quality assurance programs

Consistent and safe technology 
implementation

Workforce 
development

Simulation training, continuous education, 
and certification programs

Enhanced clinical competency and 
reduced errors

Regulatory oversight Updated data privacy laws, AI validation 
standards, interoperability mandates

Increased patient trust and 
improved system performance

Table 15. 
Policy recommendations for integrating advanced technologies into critical care.

Figure 14. 
Global map of critical care collaborations. Description: This figure shows a global map with interconnected nodes 
representing critical care collaborations and data-sharing networks among continents (figure is author’s own 
original work).
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•	 Open-access research platforms: Establish platforms that allow free access to research 
findings and clinical protocols, ensuring equitable dissemination of knowledge.

•	 Collaborative consortia: Form multinational research consortia to share expertise, 
resources, and funding, accelerating innovation and improving patient outcomes 
globally.

Figure 14 shows the global map of critical care collaborations.
Table 16 shows the benefits of global collaboration in critical care.

15. �Conclusion

Critical care medicine is undergoing a transformative evolution driven by techno-
logical innovation, data integration, and a patient-centered approach. Advances in 
AI, telemedicine, ECMO, wearable biosensors, and precision medicine have redefined 
our capacity to predict, prevent, and manage life-threatening conditions. These 

Benefit Description Impact on patient care

Shared Data and 
Protocols

Unified international registries and 
guidelines

Accelerated innovation and 
improved outcomes

Multicenter Trials Diverse patient populations, standardized 
data collection

Enhanced validity and clinical 
applicability

Knowledge 
Dissemination

Open-access research platforms Equitable access to cutting-edge 
practices

Table 16. 
Benefits of global collaboration in critical care.

Figure 15. 
Vision for the future ICU. Description: This figure represents the ideal future ICU, where advanced monitoring, 
digital twin technology, smart environmental controls, global collaborations, and integrated teams converge to 
deliver personalized and optimal critical care (figure is author’s own original work).
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innovations have led to significant improvements in survival rates, reduced complica-
tions, and enhanced overall quality of care.

However, challenges persist. Resource disparities, ethical dilemmas, cybersecurity 
issues, and the need for updated regulatory frameworks require ongoing attention. 
By investing in workforce training, fostering global collaboration, and standardizing 
protocols, we can ensure that the benefits of these advanced technologies extend to all 
patients, regardless of geographic or economic boundaries.

Looking ahead, the integration of next-generation technologies such as nano-
medicine, regenerative therapies, and digital twins promises to usher in a new era 
of precision critical care. Our vision for the future ICU is one where personalized, 
data-driven, and compassionate care converge to provide optimal outcomes for every 
critically ill patient.

Figure 15 shows the vision for the future ICU.
In summary, this chapter provides an exhaustive exploration of the trends shaping 

modern critical care medicine. By embracing innovation, leveraging advanced technolo-
gies, and fostering interdisciplinary collaboration, we are paving the way for a future in 
which the ICU becomes a dynamic, responsive, and truly patient-centered environment.

A.Glossary of key terms

Artificial Intelligence (AI): Computer systems that simulate human intelligence to 
process data, learn from it, and support clinical decision-making.

Telemedicine: The remote diagnosis and treatment of patients using telecommuni-
cations technology.

ECMO: Extracorporeal Membrane Oxygenation, a technology that provides 
prolonged cardiac and respiratory support.

Wearable Biosensors: Devices that continuously and non-invasively measure 
physiological parameters.

Precision Medicine: An approach that tailors medical treatment based on indi-
vidual genetic, biomarker, and clinical information.

Digital Twin: A virtual model of a patient that is used to simulate and predict 
responses to various treatments.

B.Descriptions of figures and tables

Figure 1: Schematic overview of the modern ICU ecosystem, showing integration 
of AI, tele-ICU, ECMO, and wearable biosensors.

Figure 2: Timeline of milestones in critical care medicine from the 1950s to the 
present.

Figure 3: Flowchart of the AI data pipeline from data acquisition to clinical deci-
sion support.

Figure 4: Diagram of tele-ICU system architecture showing the flow from bedside 
monitors to remote command centers.

Figure 5: Annotated diagram of an ECMO circuit with key components.
Figure 6: Illustration of a wearable biosensor device with labeled sensors and con-

nectivity modules.
Figure 7: Rendered conceptual design of a smart ICU with modular layouts and 

adaptive environmental controls.
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Figure 8: Diagram of patient-centered care components including non-pharmaco-
logic interventions, family involvement, and rehabilitation.

Figure 9: Workflow diagram of multidisciplinary ICU rounds, illustrating team 
communication.

Figure 10: Diagram integrating genomic and biomarker data into personalized ICU 
care.

Figure 11: Cybersecurity framework for a digital ICU showing key security 
measures.

Figure 12: Diagram of ethical considerations in AI integration in critical care.
Figure 13: Conceptual diagram depicting integration of nanomedicine, regenera-

tive therapies, and digital twin technology.
Figure 14: Global map showing interconnected critical care collaborations and 

data-sharing networks.
Figure 15: Visionary illustration of the future ICU integrating advanced monitor-

ing, digital twin simulations, smart controls, and global collaborations.
Table 1: Overview of key technologies in critical care.
Table 2: Comparative summary of historical versus modern critical care 

approaches.
Table 3: Summary of key clinical trials impacting ICU practices.
Table 4: Key AI applications in the ICU.
Table 5: Clinical outcomes from tele-ICU implementations.
Table 6: Comparison of ECMO outcomes in clinical studies.
Table 7: Parameters monitored by wearable devices in the ICU.
Table 8: Comparison of traditional ICU versus smart ICU.
Table 9: Impact of patient-centered interventions.
Table 10: Outcomes of interdisciplinary team approaches.
Table 11: Examples of biomarkers in critical care.
Table 12: Key components of big data integration in critical care.
Table 13: Comparison of critical care resources by region.
Table 14: Ethical framework for end-of-life decision-making in the ICU.
Table 15: Policy recommendations for integrating advanced technologies.
Table 16: Benefits of global collaboration in critical care.
This comprehensive chapter provides an in-depth exploration of the evolution, 

current innovations, and future directions in critical care medicine. By combining 
advanced technologies with a patient-centered, interdisciplinary approach, the future 
of the ICU is set to be more responsive, precise, and compassionate. With continued 
global collaboration, rigorous training, and supportive policy reforms, we can over-
come current challenges and ensure that every critically ill patient receives the highest 
standard of care.

The integration of AI, telemedicine, ECMO, wearable biosensors, precision 
medicine, and robust health IT is transforming the ICU into a dynamic ecosystem. 
As we move forward, these advancements will not only save lives but also improve 
the quality of life for survivors, ultimately redefining critical care medicine for the 
twenty-first century.
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