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Preface

Shock is a clinico-pathologic state characterized by a mismatch between oxygen 
demand and oxygen delivery leading to tissue hypoxia and impairment of physiologi-
cal functions. If the underlying precipitating factors are not identified, then the initial 
compensatory phase can be followed by a cascade of neuroendocrine compensatory 
mechanisms leading to decompensation and irreversible damage to organs and 
increased morbidity and mortality. Comprehensive management of a shock patient 
requires early diagnosis, identification of the underlying pathology, and a compre-
hensive goal-oriented management protocol. If left untreated or undetected, shock 
can result in life-threatening complications and negative outcomes. Hence, early 
detection should be the goal of physicians involved in the management of cases with 
potential shock of any etiology. Shock can be categorized as septic shock, anaphy-
lactic shock, cardiogenic shock, hypovolemic shock, and neurogenic shock. The 
broader objective should focus on early detection of shock to identify the underlying 
etiology and the type of shock, as well as determine management strategies. This 
book enhances understanding of shock, including its pathophysiological and clinical 
characteristics, and can help health practitioners to identify shock and develop  
effective management approaches.

Amit Agrawal
Professor,

Department of Neurosurgery,
All India Institute of Medical Sciences,

Bhopal, India

Vaishali Waindeskar
Department of Anesthesia and Critical Care,

All India Institute of Medical Sciences,
Bhopal, India
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Chapter 1

Introductory Chapter: Concomitant 
Traumatic Brain Injury and 
Haemorrhagic Shock
Sri Rama Ananta Nagabhushanam Padala, 
Vaishali Waindeskar, Ved Prakash Maurya, Rakesh Mishra  
and Amit Agrawal

1. Introduction

Younger people in developing countries are more frequently affected by head 
injuries, which have substantial economic and social effects. In patients with trau-
matic brain injury (TBI), external or internal haemorrhages have the potential to 
cause systemic hypotension [1, 2]. They can be associated with poorer outcomes 
(increased morbidity and mortality) compared to patients with TBI alone [3, 4]. 
Even brief episodes of hypotension have been shown to cause both systemic and cere-
bral hypoperfusion and secondary brain injury [5]. This systemic hypertension can 
be further complicated by raised intracranial pressure (due to TBI-related lesions), 
which can further compound the treatment protocols [6]. In trauma patients, the 
occurrence of haemorrhagic shock is associated with high mortality (as high as 50%) 
[7], and the reported incidence ranges from 6-16% [8]. These cases need to be dif-
ferentiated from those in the paediatric population, where the isolated TBI can lead 
to severe shock (in the absence of apparent haemorrhage) [9, 10]. Understanding the 
interaction of the simultaneous presence of TBI and haemorrhagic shock is essential 
to implement the optimal resuscitation strategy [11] and, thus, developing strategies 
to improve outcomes in this subgroup of patients [5]. Investigators have used animal 
models to define the optimal post-resuscitation mean arterial pressure levels to 
ensure organ perfusion and, thus, maintain good organ functions and survival pat-
terns [2]. The present article discusses the concepts and controversies associated with 
concurrent TBI and haemorrhagic shock, the clinical approach, and the management 
of this subgroup of patients.

2. Clinical examination

The clinical examination of a patient with suspected haemorrhagic shock and 
TBI is aimed at determining the source of the bleeding from any systemic external 
or internal injuries and understanding the severity of the head injury. The cursory 
examination of the neurological status involves the evaluation of the Glasgow Coma 
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Scale (GCS) and pupils, which will help assess the need for further radiological 
evaluation or urgent surgical intervention. One should be mindful that haemorrhagic 
shock is one of the confounding factors in the assessment of GCS. The detailed exami-
nation of the patient must include an assessment of the airway, breathing, circulation, 
and disability. While the patient is being stabilized, the neurological examination 
and examination to rule out other injuries like haemothorax, hemoperitoneum, or 
long bone fractures will continue, and appropriate measures can be taken to control 
the ongoing haemorrhage, if any. It is important to remember that the scalp can be a 
significant source of bleeding in children and should be scrutinized. In a patient with 
TBI and shock, bilaterally dilated and fixed pupils (in the absence of local injury and 
any drug overdose) can be an ominous sign that signifies a poorer outcome [12].

3. Diagnosis

Haemorrhagic shock in a patient with traumatic brain injury must be defined 
using a standard definition in the given setting [13, 14]. The diagnosis of traumatic 
brain injury and haemorrhagic shock will be evident in most cases. However, a careful 
clinical evaluation, including a detailed clinical history that can be supplemented 
with appropriate investigations, is needed to assess the extent of brain injury and 
haemorrhagic shock [14]. The detailed laboratory investigations shall include com-
plete blood counts (including haemoglobin levels), a coagulation profile, and imaging 
of the brain or approximate regions to find the cause of haemorrhagic shock.

4. Management

Management of TBI with haemorrhagic shock remains a challenge [13] which is 
further compounded by the fact that there is wide variability in clinical practices. 
Various parameters must be kept in mind while managing this patient population, 
including intracranial pressure monitoring, a coagulation profile, an optimum blood 
pressure target, and the issue of performing combined surgical procedures for a 
combination of injuries [13]. In addition to the standard management protocol, the 
objective of management in these cases is “hemodynamic and haemostatic resusci-
tation” [13]. An optimal blood pressure management strategy will be necessary as 
there may be a combination of systemic hypotension and intracranial hypertension. 
It will be better to maintain the systemic blood pressure on the higher side [15]. 
The management strategy in these patients is debatable; however, the management 
should focus on the management of hypotension, cerebral oedema, coagulopathy 
(if present), judicious use of antiepileptics, and blood replacement [13]. As recom-
mended, tranexamic acid can be given to reduce the mortality rate in these patients 
[16]. A few words of caution: aggressive fluid resuscitation in these patients must 
be avoided as it may have deleterious effects and increase short-term mortality [17]. 
Although head-end elevation is a standard practice in managing patients with TBI 
and raised intracranial pressure, its role in managing these patients is controversial 
[18]. Similarly, the role of the Trendelenburg position, which has been suggested 
to improve transient hypotension in haemorrhagic shock [19], is doubtful [20]. 
Maintain a neutral head and neck position to prevent jugular compression which 
would further impede venous return to the heart in the background of haemor-
rhagic shock.
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5. Outcome

The outcome of patients who sustain TBI and concomitant haemorrhagic shock is 
unfavourable. It has been reported that 33-50% of patients die before they can reach the 
hospital [21]. These patients’ significant causes of mortality are exsanguination and its 
sequelae, multi-organ dysfunction and coagulopathy [13]. Brain injury-related insults 
aggravate cardiovascular dysfunction and result in poorer outcomes [22]. TBI can 
cause cerebral oedema, requiring a higher systemic blood pressure to maintain cerebral 
perfusion. On the other hand, systemic hypotension in haemorrhagic shock results in 
decreased mean arterial pressure and subsequent decreased cerebral perfusion pres-
sure. This interdependent impairment of haemodynamic regulatory mechanisms in a 
vicious cycle further leads to unfavourable outcomes [22].

6. Conclusions

In summary, patients with concomitant TBI and haemorrhagic shock usually sustain 
multisystem injuries that need an urgent and comprehensive team approach and may 
receive excellent pre-hospital care wherever possible. Although in most patients with 
TBI, shock is caused by haemorrhage, TBI can cause shock, particularly in the paedi-
atric population. In either circumstance, the main objective is early identification of 
the underlying pathology and comprehensive management of responsible pathologies 
to improve outcomes. In traumatic intracranial pathologies, there may be a mismatch 
between systemic blood pressure and intracranial pressure that needs to be closely 
monitored to maintain optimal cerebral perfusion pressure.
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Chapter 2

Shock Pathophysiology:
Classifications and Management
Numair Belgaumi, Ahmed Salik
and Naveed ur Rehman Siddiqui

Abstract

Shock is a pathological state in which there is an insufficiency in oxygen supply
and demand. Ultimately, it results in global hypoperfusion and a resulting increase in
anaerobic respiration causing lactic acidosis. Maintaining adequate oxygen delivery in
the critical care setting is of primary importance in the management of a critically ill
patient. When oxygen supply is inadequate, the body undergoes several physiological
changes to maintain the oxygen delivery requirements and perfusion pressure. This
stage is referred to as compensated shock, and early signs of shock may be appreciated
during this stage. When compensatory mechanisms are inadequate and DO2 begins to
fall beyond the critical point, shock has progressed to the uncompensated stage.
During this stage, there is rapid deterioration of the patient due to prolonged hypoxia
and anaerobic respiration. Multiple Organ Dysfunction Syndrome (MODS) is the
development of potentially reversible physiological derangement involving two or
more organ systems not involved in the causative disorder, which results in persisting
states of shock, sepsis and hypoperfusion and a major cause of high mortality in the
intensive care unit reaching a range of 11–54% in septic pediatric patients. The final
stage of shock is irreversible shock, which is also referred to as refractory shock. This
final stage of shock carries a 96–99% mortality rate.

Keywords: shock, hypovolemic shock, cardiogenic shock, distributive shock,
obstructive shock, oxygen delivery, cardiac output, compensated shock,
uncompensated shock, resuscitation, management, inotropes

1. Introduction

Shock is a pathological state in which there is an insufficiency in oxygen supply
and demand. Ultimately it results in global hypoperfusion and a resulting increase in
anaerobic respiration causing lactic acidosis. Adequate oxygen delivery is an essential
requirement for the sustenance of every cell in the body, the lack of which can result
from a variety of pathological disturbances and can lead to life-threatening alterations.
Therefore, maintaining adequate oxygen delivery in the critical care setting is of
primary importance in the management of a critically ill patient.
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2. Physiological need for oxygen

The requirement for oxygen is as important as a cell’s need for biochemical energy,
without which no cellular or biochemical process can occur. Of the various biochem-
ical mediums for energy, ATP is the most crucial due to the inherently high energy
stored within the bonds between phosphate groups. Additionally, these bonds are
readily and quickly broken to yield energy stored due to their unstable nature [1].
While ATP can be produced by processes such as glycolysis and the Krebs cycle, the
amount produced by oxidative phosphorylation during the reactions within the elec-
tron transport chain, an oxygen-dependent mechanism, is vastly greater than that
which the other two processes can produce. Anaerobic metabolism is an important
means by which tissues can continue to produce ATP in oxygen deprived states;
however it does not yield enough energy to support the functional requirements of
most tissues. Therefore, the need for adequate oxygenation and delivery of oxygen to
tissues across the body is essential for normal physiology.

3. Oxygen delivery

For proper oxygenation of tissues, oxygen delivery is essential and is achieved by
circulation of oxygenated blood. To understand the mechanisms and factors that
influence delivery one must first understand certain terms and their interconnected
influence on oxygen delivery.

Firstly, the term oxygen delivery (DO2) refers to the rate at which oxygen is deliv-
ered per unit time to cells, tissues and organs.Oxygen consumption (VO2) subsequently
is the rate at which oxygen is consumed per unit time by a cell, tissue or organ [1]. We’ll
begin by discussing oxygen delivery and the essential factors that influence delivery.

Oxygen delivery is dependent on two factors, Cardiac output (CO) and arterial
oxygen content (CaO2). A change in one of these can decrease or increase the
amount of global oxygen delivery. Physiologically, these factors are not independent
and changes in one will be compensated with changes in the other to maintain ade-
quate DO2. These components of DO2 can be expressed (Eq. 1) as:

DO2 ¼ CO� CaO2 (1)

3.1 Arterial oxygen content

At any given time, blood leaving the left ventricle will be oxygenated to a certain
degree expressed as the arterial oxygen content (CaO2). This term refers both to the
amount of hemoglobin saturated with oxygen (SaO2) and the amount of oxygen
dissolved in blood (PaO2). Furthermore, since hemoglobin accounts for most of
arterial oxygenation, the concentration of hemoglobin in blood (Hgb) is also an
important determinant of CaO2 (Figure 1).

These three factors determining arterial oxygen content can be mathematically
represented by the following formula (Eq. 2):

CaO2 ¼ Hbg� 1:34� SaO2ð Þ þ PaO2 � 0:003ð Þ (2)

As can be appreciated from this equation (Eq. 2) hemoglobin concentration and
saturation account for a vast majority of arterial oxygenation with dissolved oxygen
only making a fraction of the total oxygen level.

8
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3.2 Cardiac Output

Circulation of oxygenated blood allows for oxygen to reach the most distal parts of
the body. Circulation is determined by the heart’s functionality which is represented
by cardiac output (CO). Factors that influence cardiac output are the Stroke Volume
(SV) and the Heart Rate (HR). The relationship of these measurements to cardiac
output is expressed in the equation below (Eq. 3):

CO ¼ SV�HR (3)

Stroke volume is defined as the amount of blood pumped from the left ventricle
into the aorta within a single contraction. Three factors determine stroke volume:
Preload, Contractility, and Afterload. These components are often difficult to
directly assess clinically and are often estimated using indirect methods and assump-
tions. Preload refers to the amount of end-diastolic stress or pressure exerted on the
walls of the left ventricle influencing myocardial sarcomere length. The major deter-
minant of preload is venous pressure and subsequent venous return. Other factors
influencing preload include ventricular wall compliance, atrial contractility and val-
vular resistance. End-diastolic volume is usually used as an estimate for preload.
Contractility refers to the rate of sarcomere shortening during contraction. It repre-
sents the functionality of cardiac muscle and is influenced by stimulation via cate-
cholamine and concentration of electrolytes such as calcium, magnesium and
potassium. Afterload refers to the force against which the left ventricle contracts and
is defined as the left ventricular wall stress.

4. Oxygen consumption and oxygen extraction

Oxygen consumption (VO2) by cells and tissues is dependent on their energetic
requirements and expenditure. It is defined as the amount of oxygen consumed per
minute. The more metabolically active a tissue is the more oxygen it will require to
maintain that activity. Therefore, oxygen consumption is a measure of energy expen-
diture. It can be expressed as the equation (Eq. 4) given below where CmvO2 is the
mixed venous oxygen content:

VO2 ¼ CaO2 � CmvO2ð Þ � CO (4)

Figure 1.
Determinants of CaO2.

9

Shock Pathophysiology: Classifications and Management
DOI: http://dx.doi.org/10.5772/intechopen.105506



From equation 4 it can be appreciated that consumption is an estimate of global
oxygen usage calculated using the difference in oxygen content in arterial and venous
blood standardized to CO or the cardiac index (cardiac output in relation to body
surface area).

At rest, given normal hemoglobin concentration and adequate cardiac output,
oxygen delivery exceeds oxygen consumption levels with only 25% consumed of the
total oxygen delivered. This number represents an average consumption of all tissues
across the body. With adequate oxygen delivery, the central venous oxygen content
(ScvO2) is greater than 70%. When metabolic demand increases (e.g., fever, shiver-
ing), oxygen extraction increases, and central venous oxygen content may fall.

Oxygen extraction ratio (O2ER) represents the amount or fraction of arterial
oxygen content that is consumed as blood crosses across a tissue bed [2]. The equation
for the oxygen extraction ratio is given below (Eq. 5) and is the difference between
arterial O2 content and venous O2 content divided by arterial O2 content

O2ER ¼ CaO2 � CvO2ð Þ=CaO2 (5)

Normally, this ratio is around 0.2–0.3 which indicates the abundance of delivered
oxygen [1]. The actual extraction ratio varies with different tissues depending on the
basal metabolic rates. For instance, the brain and myocardial tissue extract the most
oxygen when compared to other organs. Conversely, the kidney and liver extract the
least oxygen. Tissues such as myocardial tissues are therefore more dependent on
oxygen delivery and are more susceptible to ischemia as they are unable to extract more
oxygen. Additionally, certain tissues can increase their oxygen extraction (e.g., skeletal
muscles during heavy exercise) depending on changes in their metabolic demands.

Figure 2 summarizes the relationships between oxygen delivery consumption and
extraction. As oxygen delivery falls, extraction rises in order to maintain a fixed con-
sumption level required by tissues. With increased extraction, ScvO2 begins to fall. Con-
sumption is maintained by increasing oxygen extraction levels up until the critical point.
This phase is termed the supply independent phase as a decrease in delivery will not

Figure 2.
Oxygen delivery and consumption relationship.
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reduce consumption. Beyond the critical point, extraction can no longer maintain the cells
metabolic demands and consumption begins to fall linearly with decreasing oxygen
delivery. This phase is termed the supply dependent phase. In this phase ischemia sets in
and lactic acid begins to accumulate due to oxygen deprivation and anaerobic respiration.

5. Pathophysiology and progression of shock

As previously defined, shock is a pathological state in which there is an imbalance
in oxygen supply and demand. Ultimately it results in global hypoperfusion and a
resulting increase in anaerobic respiration causing lactic acidosis (Table 1).

5.1 Compensated shock

When oxygen supply is inadequate, the body undergoes several physiological
changes to maintain the oxygen delivery requirements and perfusion pressure. This
stage is referred to as compensated shock and early signs of shock may be appreciated
during this stage. Findings consistent with compensated shock are briefly mentioned in
Table 2. At this point, it is important to identify the underlying cause and correct it to
prevent any lasting complications. Homeostatic changes that occur are listen in Table 1
and is stimulated by activation of two pathways. The first is baroreceptor activation.
Decreased arterial pressure leads to decreased stretch of the baroreceptors located on the
carotid sinus. There is a consequent decrease in afferent baroreceptor firing which
increases efferent sympathetic firing and decreases efferent parasympathetic firing.
Sympathetic activation results in an increase in CO via an increase in heart rate and
stroke volume (increase in contractility). Arteriolar vasoconstriction allows for the
redistribution of blood flow to more vital organs such as the brain, heart and kidneys.
Additionally, increased sympathetic tone results in constriction of venous circulation
thereby increasing venous return. As circulation is a closed system, an increase in
venous return or preload brings about an increase in stroke volume and thereby cardiac
output. Additionally, the sympathetic nervous system (SNS) directly stimulates the
adrenal glands resulting in secretion of epinephrine, norepinephrine and cortisol which
also aid in augmenting arteriolar and venous tone. The second pathway is activation of
the renin-angiotensin-aldosterone-system (RAAS). A decrease in renal perfusion
secondary to systemic hypotension triggers this activation. Aldosterone acts on the

Maintaining adequate
circulating volume

Vasoconstriction via ↑ Sympathetic Tone, catecholamine release,
angiotensin II release (RAAS) and vasopressin release

Increased renal reabsorption via activation of RAAS and vasopressin release

Maximization of cardiac
output

Increase in heart rate

Increase in contractility

↑Preload ➔ ↑CO (Frank-Starling relationship)

Redirection of blood flow to
vital organs

Autoregulation of blood flow to vital organs

Optimizing oxygen
unloaded settings

↑RBC 2-3-DPG concentration

Bohr Effect (lactic acidosis)

Table 1.
Compensatory mechanisms in response to systemic hypotension.
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principal cells in the collecting tubules of the kidney to increase sodium reabsorption.
This results in fluid retention that ultimately improves cardiac output. The angiotensin
II acts on AT1 receptors on vascular endothelial cells causing vasoconstriction. Angio-
tensin II also preferentially constricts the efferent arteriole maintaining the glomerular
filteration rate (GFR) and preventing pre-renal acute kidney injury in the setting of
shock. These mechanisms briefly mentioned here all aim to maintain perfusion pres-
sure, direct blood to vital organs (e.g. brain, heart, and kidney) and increase oxygen
delivery in the setting of systemic hypoxia. A comprehensive table listing the various
compensatory mechanisms in response to hypoxia is given (Table 1).

5.2 Uncompensated shock

When compensatory mechanisms are inadequate and DO2 begins to fall beyond
the critical point, shock has progressed to the uncompensated stage. During this
stage there is rapid deterioration of the patient due to prolonged hypoxia and anaero-
bic respiration. When this state persists, a cascade of events occurs resulting in various
pathophysiological outcomes outlined in Figure 3.

Lactic acid accumulation has an effect on several organs systems. Cardiac contractil-
ity has been shown to be reduced in states of acidosis further worsening DO2. Acidosis
also causes a predisposition to ventricular arrhythmias. At the cellular level, the function
of pH dependent enzymes such as 6-phosphofructokinase, essential in glycolysis, are
compromised further retarding ATP production. As hypoxia progresses, cells begin to
deplete their ATP stores resulting in the dysfunction of various ATP dependent enzy-
matic reactions. Of key importance is the dysfunction of ion pumps which maintain
membrane potential and cellular fluid dynamics. About 70 percent of ATP produced by
cells is used to maintain sodium-potassium ATPase pumps. In the setting of hypoxemia
there is decreased ATP production resulting in Na+/K+ ATPase pumps failure. Improper
functioning ion pumps results in an influx of sodium and efflux of potassium altering
the osmotic equilibrium between extracellular and intracellular fluids. This results in
cellular edema leading to cell dysfunction and rupture. This is the underlying issue of all
types of shock and leads to the most damaging outcome of hypoxia. Cellular hypoxia
also activates monocytes which result in the release of cytokines. This triggers a cascade

Figure 3.
Cellular response to hypoxia.
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ultimately leading to more vasodilation and increased vascular permeability further
contributing to reduced tissue perfusion and hypotension. Additionally, lysosomal ion
channel dysfunction disrupts lysosomal membrane potential leading to their dysfunc-
tion and release of contents. Both lysosome and cellular rupture lead to the release of
toxic substances into extracellular fluids and circulation resulting in a cascade of capil-
lary endothelial damage and cell death. Ultimately, these events produce findings such
as hyperkalemia, hyponatremia, prerenal azotemia and lactic acidosis.

Clinical findings for both compensated and uncompensated shock are contrasted
on Table 2.

5.3 Irreversible shock

The final stage of shock is irreversible shock which is also referred to as refractory
shock. This final stage of shock carries a 96–99% mortality rate. There is loss of almost
all compensatory mechanisms. Decreased perfusion exacerbates anaerobic metabo-
lism processes due to lack of oxygen delivery to end-organs. Vasodilation and
increased vascular permeability results in plasma leaving the vascular space, contrib-
uting to profound interstitial edema and loss of intravascular volume. This results in
refractory hypotension, end organ ischemia, Multiple Organ Dysfunction Syndrome
(MODS) and ultimately death.

6. Systemic inflammatory response syndrome (SIRS)

One complication that may arise as shock progresses is the development of Sys-
temic Inflammatory Response Syndrome (SIRS). While SIRS may not always be
present in the progression of shock, its presence heralds the onset of a more serious
syndrome mentioned earlier; Multiple Organ Dysfunction Syndrome (MODS). SIRS is
defined as an “exaggerated defense response to a noxious stressor” and can be due to

System Compensated shock Uncompensated shock

Neurological Alert and oriented. Irritable Altered mental status, Decreased
responsiveness

Cardiovascular Tachycardia Tachycardia, Hypotension (MAP <
60 mmHg)

Respiratory Tachypnea, Increased Work of Breathing* Tachypnea, Decreased oxygen saturation,
ARDS

Renal/GU Decreased urine output (<0.5 mL/kg/h) Prerenal azotemia, Metabolic acidosis,
Anuria

Gastrointestinal Nausea, Anorexia Absence/Hypoactive bowel sounds,
Ischemic bowel

Endocrine Hyperglycemia Hypoglycemia

Integumentary Warm extremities with normal capillary
refill time

Cold extremities with slow capillary refill
time

Labs Decreased venous PO2 Elevated lactate
*Increased work of breathing is evident by findings such as subcostal recessions, sternal recession and nasal flaring.

Table 2.
Findings in compensated and uncompensated shock.
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insults such as infection, trauma, surgery, acute inflammation, and ischemia or reper-
fusion injury [3]. The relationship between shock and SIRS is not linear and one does
not necessarily arise from the other. Shock may progress in the absence of SIRS
depending on the etiology and type of shock. Infection is the most common cause of
SIRS and is termed sepsis. In the early phases of septic shock, a cause of distributive
shock discussed later, pathological stimuli result in cellular and immunological acti-
vation. This cellular activation leads to the release of a variety of chemokines includ-
ing histamine, kinin, prostaglandins, leukotrienes and complement. Over activation of
this system results in an imbalance between pro-inflammatory and anti-inflammatory
mechanisms. Diagnostic criteria for determining SIRS are outlined in Table 3.

The outcomes of this imbalance occur globally, are a result of increased pro-
inflammatory activity and are listed below:

a. Peripheral Vasodilation

b. Endothelial dysfunction ➔ Increase capillary permeability

c. Cellular activation ➔ neutrophils, macrophages, mast cells, platelets,
endothelial cells

d. Microvascular coagulation ➔ end-organ micro thrombosis

e. Loss of circulatory integrity

7. Multiple organ dysfunction syndrome

Multiple Organ Dysfunction Syndrome (MODS) is a potentially life-threatening
condition and is a major cause of high mortality in the intensive care unit reaching a
range of 11–54% in septic pediatric patients [4]. It is defined as the ‘development of
potentially reversible physiological derangement involving two or more organ systems
not involved in the disorder that resulted in ICU admission” and is a result of
persisting states of shock, sepsis and hypoperfusion [4]. Most often, it is the end stage
in the progression of septic shock and commonly affects the lungs, myocardium and

Symptoms/Findings

Fever >100.4 F

Hypothermia <96.8 F

Tachypnea (Respiratory Rate > 20/min)

Tachycardia <90 bpm

WBC > 12,000/μL or WBC < 4000/μL

Bands >10%

Hyperglycemia >140 mg/dL with no DM*

*Diabetes Mellitus.

Table 3.
Diagnostic criteria for SIRS is the presence of any two of the above criteria.

14

Management of Shock - Recent Advances



brain before other organs. It is believed that the role of pro-inflammatory cytokines is
key in inducing damage. Increased capillary leakage in the lungs causing pulmonary
edema and surfactant loss, increased circulating nitrous oxide causing myocardial
dysfunction and disturbances in the blood–brain barrier are all mechanisms thought to
induce damage to these organs [4].

8. Types of shock

Shock can be broadly classified into four different types based on the pathological
mechanism resulting in impaired oxygen delivery to the tissues. When dealing with a
patient presenting with shock, it is important to identify the type of shock as all of
them are treated differently. The four types of shock are:

1.Hypovolemic Shock

2.Cardiogenic Shock

3.Distributive Shock

4.Obstructive Shock

8.1 Hypovolemic shock

Hypovolemic shock occurs due to loss of intravascular volume. This is the most
common type of shock. Loss of intravascular volume can be in the form of loss of
blood or loss of fluids from the body other than blood. Causes of blood loss can include
trauma, gastrointestinal bleeding, postpartum hemorrhage, esophageal varices and
ruptured abdominal aortic aneurysm. Causes of non-blood fluid losses can include
diarrhea, vomiting, reduced intake, third degree burns and diabetic ketoacidosis.
Hypovolemic shock can be further classified according to the amount of volume loss.
The classes of hypovolemic shock are given in Table 4.

8.2 Cardiogenic shock

Cardiogenic shock occurs due to inability of the heart to pump blood adequately to
the peripheral circulation as a result of impaired contractility. This leads to end-organ

Class Volume
loss

Pulse Blood
pressure

Capillary
refill

Respiratory
rate

Urine output
(mL/kg/h)

I 0–15% Normal Normal Normal Normal 1–2

II 15–30% Mild Tachycardia Mildly
Low

Mildly
Prolonged

Mild
Tachypnea

0.5–1

III 30–40% Tachycardia Low Prolonged Tachypnea 0.25–0.5

IV >40% Tachycardia,
Bradycardia or absent

Very Low Greatly
Prolonged

Severe
Tachypnea

0

Table 4.
Classes of hypovolemic shock.
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hypoxia and shock. Causes of cardiogenic shock can be myocardial infarction, myo-
carditis (secondary to Coxsackie B virus), dilated cardiomyopathy, and congenital
heart disease, valvular dysfunction like aortic valve stenosis or mitral valve stenosis
and arrhythmias. Both tachy-arrhythmias and brady-arrhythmias can lead to cardio-
genic shock. Tachy-arrhythmias cause the heart to beat abnormally fast which impairs
the filling ability of the heart, hence decreasing the preload and subsequently
decreasing the cardiac output. Brady-arrhythmias decrease the heart rate and since
CO = SV x HR, this also causes the cardiac output to decrease.

8.3 Distributive shock

Distributive shock occurs due to inappropriately distributed blood volume. Under
normal physiology, vascular tone is under control of the autonomic nervous system.
Sympathetic stimulation causes vascular smooth muscle to contract and vasoconstrict,
while the parasympathetic nervous system causes vascular smooth muscle to relax and
vasodilate. Distributive shock occurs when the sympathetic nervous system is unable
to maintain the tone of the vascular system, allowing abnormal vasodilation of blood
vessels. This allows pooling of blood and decreases preload. This also leads to
increased vascular permeability and third-space fluid loss. This in turn causes intra-
vascular hypovolemia and decreased end-organ perfusion. Distributive shock can
have different etiologies like septic shock, anaphylactic shock and neurogenic shock.

Septic shock is the most common cause of distributive shock [5]. It can be defined
as “sepsis-induced hypotension (systolic blood pressure <90 mm Hg or a reduction of
40 mmHg from baseline) despite adequate fluid resuscitation along with the presence
of perfusion abnormalities that may include, but are not limited to, lactic acidosis,
oliguria, or an acute alteration in mental status.” Septic shock results from an over-
whelming systemic inflammatory response which leads to vasodilation and subse-
quent hypotension. Most common causes of septic shock are gram negative bacteria
like Escherichia coli, Proteus species, Klebsiella pneumoniae which release endotoxins
which are responsible for activation of the immune system.

Anaphylactic shock occurs due to type 1 hypersensitivity reaction to any foreign
antigen. Antigens bind to IgE molecules on pre-sensitized mast cells and cause mast
cell degranulation and release of inflammatory mediators like histamine. Histamine
causes vasodilation and increased capillary permeability. This causes severe
hypovolemia and cardiovascular collapse leading to shock.

Neurogenic shock results from the inability of the sympathetic nervous system to
maintain the tone of blood vessels. In most cases, this is a result of trauma to the brain
or spinal cord above the level of T6 [6]. The trauma leads to a loss of background
sympathetic stimulation to the vascular smooth muscles. This causes vasodilation
resulting in a sudden decrease in blood pressure (secondary to a decrease in peripheral
vascular resistance).

8.4 Obstructive shock

Obstructive shock occurs when there is a barrier to the flow of blood or a barrier
which impairs proper filling of the heart. There are several conditions which can cause
obstructive shock. These include cardiac tamponade, tension pneumothorax and pul-
monary embolism.

Cardiac tamponade is the result of fluid in the pericardial space which impairs the
filling ability of the heart during diastole. This reduces the preload and subsequently
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decreases cardiac output. This is similar in presentation to constrictive pericarditis in
which the pericardium shrinks and hardens.

Tension pneumothorax is the presence of air in the pleural cavity under positive
pressure. The elevated intrathoracic pressure leads to decreased venous return to the
heart as it compresses the inferior vena cava, thus leading to reduced cardiac output.

Pulmonary embolism is an embolus (usually dislodged from the proximal deep
veins of the lower limb) lodged in the vasculature of the lungs. This obstructs blood
flowing to the lungs and the blood coming from the lungs to the heart. There is a
decrease in end-diastolic volume which leads to a decreased stroke volume and hence
decreased cardiac output and oxygen delivery to the peripheral tissues resulting in
shock.

9. Resuscitation goals

When approaching a patient in shock, management requires attaining physiologi-
cal normalcy and hemodynamic stability. In the clinical setting, the progress of treat-
ment is measured by achieving certain goals. These clinical goals help ascertain
improvement in global perfusion and oxygenation. Factors measured are included in
Table 5 and are used clinically to determine a patient’s response to the management of
shock. While these conditions are useful in measuring response, the use of only one or
two as an indicator for improvement will lead to shortcomings and mislead a physi-
cian regarding the actual response to management.

One goal used to assess treatment is normalcy in heart rate and perfusion pressure
representing adequate perfusion and venous return/cardiac output. Perfusion pres-
sure is determined by subtracting the central venous pressure (CVP) by the mean
arterial pressure (MAP); MAP-CVP. These parameters can be used to measure hemo-
dynamic stability and are also used to assess response to fluid therapy. With adminis-
tration of a fluid bolus, heart rate should ideally decrease and MAP-CVP should
increase. Another measurement that can be used to assess response to fluid therapy
and inotrope therapy response is the shock index (HR/SBP). Calculated by dividing

Indicators of therapeutic responsiveness Normal value/Prognostic value

Normal Mental Status GCS = 15/15

Normal pulse quality and rate Palpable in all extremities; Rate varies with
age

Difference in Central and peripheral temperatures 36.1–37.2°C; equal centrally and peripherally

Normal Capillary Refill ≤ 2 seconds

Adequate Urine Output >1 mL/kg/h

Lactate Trends ≥0.75 mmol/L/h. associated with bad
prognosis

Normal Superior Vena Cava Oxygen Saturation (SVC O2) ≥ 70%

AVDO2 ≤5 mL O2/100 mL of blood

Table 5.
Resuscitative goals and normal values.
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heart rate (HR) by systolic blood pressure (SPB), the shock index should ideally
decrease as fluid therapy is directed at improving stroke volume, thereby decreasing
HR, and inotrope therapy improves vascular tone and SBP.

As mentioned earlier, during shock states compensatory mechanisms redirect
blood to vital organs such as the brain, heart and kidneys. Consequently, as shock
progresses from compensated to uncompensated phase, these organs will begin to
show signs of dysfunction. Mental status of a patient is therefore a parameter which
should be assessed to determine improvement in a patient’s condition. While
improvement is a good sign, not all patients will have altered mental status and, when
present, is often a late manifestation of shock. Relying on altered mental status as an
indicator of shock and its improvement as good response to therapy is not a reliable
approach and should be taken with caution and in combination with other factors. The
kidney is another organ which can be used to assess response to therapy. A normal
urine output of >1 mL/kg/h represents adequate renal perfusion and perfusion pres-
sure. However, urine output only represents the improvement in renal perfusion and
does not provide a picture of global perfusion status.

Systemic vascular tone and cardiac output can both be determined by assessing
peripheral temperatures, capillary refill and distal pulse qualities. Normal capillary
refill is <2 seconds and coupled with normal peripheral temperature and distal pulses
correlates with adequate perfusion to the peripheries. However, these parameters do
not provide indication of oxygenation. Cases such as anemia or hemodilution may
have normal peripheral temperature, pulses and capillary refill but oxygen delivery is
still impaired.

As shock is defined as impaired systemic oxygen delivery, lactate levels are a good
indicator of global oxygenation. Lactate trends should be observed rather than single
serum lactate measurements as a single measurement does not indicate the progres-
sion of disease. Increases of lactate levels of ≥70 mmol/L/h. is associated with wors-
ening oxygen delivery and outcomes.

Superior vena cava oxygen saturation (SVCO2) of ≥70% is a good therapeutic
endpoint in the management of shock. As mentioned earlier in the chapter, when
there is good oxygen delivery, SVCO2 should be maintained above 70% representing
no increase in oxygen extraction during the compensatory phase of shock. Measuring
SVCO2 can be done via central venous catheters with venous oximetry or, more
recently, with the use of near-infrared spectroscopy, a less invasive method. One can
also calculate the difference in arterial and venous oxygen content (AVDO2) to assess
the degree of oxygen extraction during this phase of shock. Normal values show a
difference of ≤5 mL O2/100 mL of blood and increases in AVDO2 indicate increases in
oxygen extraction.

10. General principles in the treatment of shock

In order to provide a patient with the benefit of rational and effective treatment, it
is critical to identify the specific cause of shock in each case. Although treatment
should be aimed at the underlying etiology of shock, the most critical aspect of
treatment is the prompt restoration of normal hemodynamics.

From a hemodynamic perspective, there are three main categories in the manage-
ment of shock:
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• Intravenous fluids, which act by increasing central venous pressure and
downstream left ventricular end-diastolic volume (EDV)

• Vasopressors which act by increase systemic vascular resistance (SVR)

• Inotropes which act by increasing contractility and thus increase cardiac output

In hypovolemic shock, the primary derangement is low central venous pressure
(CVP) so therefore IV fluids are the cornerstone of therapy. If the patient is pro-
foundly hypotensive, vasopressors are sometimes used temporarily but only while
definitive access is obtained, and fluids are pushed as quickly as possible. If a patient
in hypovolemic shock is requiring vasopressors to maintain enough perfusion pressure
to stay conscious, they are in critical need for more fluid. Since these patients are
already extremely hyper dynamic, there are no benefits of inotropes which will only
risk worsening tachycardia to the point that diastolic filling time is too short for the
left ventricle to fill.

In distributive shock, the primary derangement is low SVR. Vasopressors are
therefore almost always necessary. Since most of these patients are also hypovolemic,
or at the very least, have fluid maldistributed to the extravascular space rather than
central circulation, IV fluids are also used in every case. Because of sepsis induced
cardiomyopathy, some patients with sepsis may also benefit from inotropes but iden-
tifying those patients can be a challenge.

In cardiogenic shock, the primary problem is low cardiac output, thus
inotropes are the mainstay therapy. Both fluids and vasopressors are not only
unnecessary but contraindicated. In fact, reduction in preload by using diuretics,
and reducing the afterload helps in augmenting the cardiac output in patients with
cardiogenic shock.

Finally, in obstructive shock, it is impossible to generalize about the
appropriateness of fluids, vasopressors and inotropes and if there is a response to
any of those, it is likely only temporary. Definitive relief of the obstruction is still
critical. For pneumothorax (PTX), this is either chest tube or needle thoracostomy
which consists of a needle placed into the pleural space via the second intercostal
space in the midclavicular line. For cardiac tamponade, pericardiocentesis can be
performed, a procedure in which a needle is placed in the pericardial space most
commonly via a subxiphoid approach. In case of massive pulmonary embolism,
depending on the circumstances, this may require systemic thrombolysis or
embolectomy.

General treatment principles are summarized in Table 6.

Type of shock IV Fluids (↑CVP) Vasopressors (↑SVR) Inotropes (↑Contractility)

Hypovolemic + Temporary use only �
Distributive + + +/�
Cardiogenic � � +

Obstructive +/� +/� +/�

Table 6.
General approach to therapy with regards to type of shock.
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10.1 Fluid therapy

Fluid resuscitation is the rapid delivery of fluids to patients who have acutely
impaired hemodynamics. Resuscitative fluids are given universally to patients in
hypovolemic shock and lesser forms of dehydration, as well as to almost all patients
with severe sepsis and septic shock. In these situations, the preload to the heart is not
enough for adequate cardiac output. To understand why these patients are given
fluids we need to review the Frank-Starling curve as shown in Figure 4. According to
the Frank-Starling Law, the length of myocardial tissue is directly related to the force
of the subsequent contraction. The more myocardial fibers are stretched, the more
they contract. Preload determines the degree of myocardial fiber stretching. There-
fore, as shown in Figure 4, an increase in preload results in a responsive increase in
stroke volume. Patients on the left side of the curve are those who are preload
dependent. Towards the right, the curve flattens and increases in preload are met with
a reduced rate of increase in stroke volume until we see no change in stoke volume
with increasing preload. These patients are preload independent. Essentially, only if
the patient is preload dependent will we see benefits to stroke volume if given fluid.
Preload independent patients will not benefit from fluids. It is important to note that
the shape and position of the curve will vary between individuals, and it is important
to identify where on the curve the patient lies to determine whether it is suitable to
give fluids.

Once we have decided which patient needs to be given fluids, we need to decide
which fluids to give. The first decision to make is whether to give crystalloid or
colloid. Crystalloids are fluids which contain water and various electrolytes and other
small water-soluble molecules. Colloids are large, insoluble molecules and oftentimes
proteins. Theoretically, colloid should be superior to crystalloid as it has an increased
tendency to stay intravascular. However, a 2013 Cochrane review found no evidence
from randomized controlled trials that resuscitation with colloids reduces the risk of
death, compared to resuscitation with crystalloids, in patients with trauma, burns or
following surgery [7]. Therefore, given their decreased cost and increased availability,

Figure 4.
Frank-Starling curve.
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as well as the low immunogenic response, crystalloids are almost always favored over
colloids.

Crystalloid replacement is usually sufficient in hypovolemic shock caused by
vomiting and diarrhea. The presence or absence of associated electrolyte disturbances
(e.g., hypo- or hypernatremia) determines the type of crystalloid. The use of albumin
as a replacement fluid for hypovolemic shock is probably best reserved for situations
involving direct albumin loss (e.g., burns, open wounds, protein-losing enteropa-
thies). Volume replacement with crystalloid or albumin may be appropriate in cases of
hemorrhagic shock, but with significant blood loss, replacement of red blood cell mass
will eventually become necessary.

While the majority of patients with hypovolemic shock tolerate relatively rapid
correction of intravascular volume depletion, there are a few notable exceptions that
may require slower correction. For example, in cases of hypovolemic shock accompa-
nied by significant metabolic/electrolyte derangements (e.g., hypernatremia or dia-
betic ketoacidosis), volume deficit correction must be tempered so that the
accompanying metabolic/electrolyte abnormalities are not corrected too quickly.
Rapid correction of hypernatremia can lead to cerebral edema while rapid correction
of hyponatremia can lead to central pontine myelinolysis.

Correction of hypovolemic shock in patients with underlying myocardial dysfunc-
tion must be done with greater caution than in patients with normal myocardial
function to avoid further compromising myocardial function. Finally, in trauma-
specific situations, very aggressive volume resuscitation for hemorrhagic shock may
not be appropriate until surgical hemorrhage control is achieved.

10.2 Blood products

Oxygen delivery, as described in the first section, is dependent on two factors:
cardiac output and arterial oxygen content. Vasoactive and fluid therapy both aim to
enhance cardiac output and global perfusion to enhance oxygen deliver. In both these
therapies the arterial oxygen content remains the same. The use of blood products
aims to increase arterial oxygen content (CaO2) by infusing packed red blood cells
(PRBC) thereby increasing hemoglobin levels, the main parameter determining arte-
rial oxygen content. The use of PRBC is therefore most useful in situations where
shock is caused or worsened by decreasing hemoglobin concentration such as in
patients with hemolytic anemia. The goal of blood product therapy is to return
hemoglobin concentrations to normal values with regards to age. Approximately
10 mL/kg of PRBC should increase hemoglobin concentration by 2 g/dL. A 20 kg
child with an Hb concentration of 5 g/dL would therefore require 500 mL of PRBC to
reach an Hb concentration of 10 g/dL. When considering blood transfusion, it is
important to consider the hemodynamic changes that occur with increasing hemato-
crit. Experimentally it has been shown that a hematocrit of 30% is optimal for oxygen
delivery while hematocrit levels exceeding 40% increase viscosity and hinder oxygen
delivery [8].

10.3 Vasoactive therapy

Vasoactive drugs used in the management of shock can be divided into inotropic,
vasoconstrictive and vasodilative medication. The main goals of employing these
medications are to increase cardiac output, decrease vascular resistance and increase
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perfusion pressure. The administration of these drugs usually come after initial use of
fluid and blood product therapies fail to produce adequate improvement.

Inotropes: Inotropes are generally used to increase cardiac output and stroke
volume. Their mechanism of action usually involves stimulation of adrenergic
receptors and includes endogenous catecholamines such as dopamine, epinephrine
and norepinephrine and exogenous catecholamines such as dobutamine and phenyl-
ephrine. These drugs work to stimulate α-adrenergic, β-adrenergic and dopaminergic
receptors which subsequently alter conditions such as contractility and systemic vas-
cular resistance (vasodilation or vasoconstriction) thereby influencing cardiac output
and perfusion pressures. In the setting of shock, the use of these drugs helps enhance
cardiac function to improve oxygen delivery.

Aside from drugs such as phenylephrine, most inotropic drugs will stimulate
multiple receptor types with varying selectivity. For example, as shown in Table 7,
dopamine will preferentially stimulate dopaminergic receptors but will also stimulate
β- and α-adrenergic receptors and will therefore exhibit varying and multiple physio-
logical changes in a dose dependent manner. It is therefore important to know drugs
selectivity and the physiological response of each receptor type. β1-adrenergic recep-
tors are primary expressed in myocardial tissue and have positive inotropic and
chronotropic activity when stimulated. Stimulation of this receptor directly enhances
cardiac output by increasing heart rate and contractility (stroke volume). β2-adren-
ergic receptors act on smooth muscle of vascular tissue and bronchial tissue and
produce vasodilation and bronchodilation respectively. α1-adrenergic receptors
work mainly on vascular smooth muscles contraction and cause peripheral vasocon-
striction. α2-adrenergic receptors one the other hand causes vasodilation via the
inhibition of norepinephrine secretion from presynaptic sympathetic neurons.
Dopaminergic receptors (DA) receptors act on renal vasculature and causing renal
arterial vasodilation.

Dopamine, in terms of inotropic therapy, displays dose-dependent activity on
dopaminergic, β- and α-adrenergic receptors. At low doses (0-3 μg/kg/min) dopamine
acts as a mild vasodilator in peripheral vasculature by stimulating the release of
norepinephrine [9]. Additionally, it inhibits norepinephrine reuptake in presynaptic
sympathetic neurons indirectly enhancing contractility and heart rate [9]. Activation
of dopaminergic receptors at low doses also improves renal and splanchnic perfusion
via D2 presynaptic receptors potentially providing renal protective activity [8, 9], but
it remains matter of debate. Stimulation of D2 presynaptic receptors enhances vasodi-
lation in coronary, renal, mesenteric and cerebral vasculature promoting improved
blood flow to these organs [9]. While inhibition of norepinephrine reuptake in sym-
pathetic neurons does have vasoconstrictive activity, the direct vasodilatory effects in
peripheral vasculature offsets the level of constriction resulting in mild elevation of
SVR. Ultimately, dopamine has the combined effect of significantly improving con-
tractility and heart rate with only mild changes in SVR resulting in effective improve-
ment in cardiac output. At higher doses (>10 μg/kg/min) α-adrenergic activity is
stimulated causing vasoconstriction and aids in increasing blood pressure [8, 9].

Epinephrine is a nonselective catecholamine stimulating both adrenergic recep-
tors of all types. Therefore, is produces both increases in CO and increases in SVR.
When administered at a low dose at an infusion rate of 0.03–0.3 μg/kg/min, epineph-
rine mostly exhibits inotropic activity via β-adrenergic receptors increasing cardiac
output. As higher infusion rates >0.3 μg/kg/min are used, α-adrenergic activity is also
activated resulting in vasoconstriction and an increase in SVR. Because of its selective
inotropic activity at low doses, epinephrine is reliable choice in patients with
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hypotension without myocardial dysfunction. In high doses epinephrine has also been
seen to cause atrial and ventricular arrhythmias [9]. One aspect of inotropic therapy
using epinephrine is its administration in correlation with elevated lactate levels.
Studies have shown that epinephrine may elevate lactate levels, interfering with
lactate trends. It is therefore important to interpret lactate trends with skepticism
when assessing response to therapy and concomitant resuscitation goals should be
viewed when using epinephrine.

Norepinephrine preferentially binds α1-adrenergic receptors over β-adrenergic
receptors resulting in more vasoconstrictive activity than inotropic activity. Because
of its potent α-receptor stimulation, norepinephrine is the vasopressor drug of choice
in distributive shock with hypotension [9]. At low doses of 0.01–0.05 μg/kg/min its
inotropic activity can be appreciated with an improvement in cardiac output. How-
ever, at higher doses, its affinity for α-adrenergic receptors takes over, vastly increas-
ing vasoconstriction and blood pressure. This shift in receptor activity can impede
cardiac output especially in patients with cardiac dysfunction.

Dobutamine is a synthetic catecholamine that has mixed β- and α-adrenergic
stimulation at varying dosages. It primary acts as an inotrope increasing contractility
with minimal increases in SVR indicating its use in patients with cardiogenic shock.
Additionally, at infusion rates >10 μg/kg/min dobutamine can reduce afterload by
stimulating α2-adrenergic stimulation causing vasodilation [8]. In this setting
dobutamine can improve cardiac output [8]. At low doses of <5 μg/kg/min,
dobutamine can exhibit α1-aderenergic antagonism resulting in vasodilation and
decreased afterload.

Phenylephrine is a pure α1-adrengeric agonist and has strong vasoconstrictor
activity. It can be used as an additional therapy where an increase in vascular tone is
needed without changes in cardiac function.

Phosphodiesterase inhibitors (Milrinone) work as an inotrope via a different
mechanism than the catecholamines described above. By inhibiting phosphodiester-
ase, it causes an increase in intracellular cAMP levels thereby increasing intracellular
Ca2+. These changes subsequently increase both inotropic activity in myocytes and

Drug Receptor/mechanism Effect

Dopamine Dopaminergic (DA) > β-
adrenergic > α-adrenergic

Low doses (DA) ➔ ↑renal artery
vasodilation

Mod/high. Doses (DA + β) ➔ ↑renal blood
flow, HR, contractility, CO

Dobutamine α- & β-adrenergic ↑CO with minimal effects on BP

Epinephrine α1 & β-adrenergic ↑SVR, HR, CO, BP

Phenylephrine Pure α1-adrenergic Peripheral arterial vasoconstriction ➔ ↑BP,
MAP, SVR

Norepinephrine Mixed α1 & β-adrenergic
(α1 > β1 > β2)

Significant ↑BP + MAP, SVR, CO, HR

Vasopressin V-1 & V-2 receptors ↑BP, SVR; anti-diuretic action via V-2

Phosphodiesterase
Inhibitor (Milrinone)

↑cAMP ↑CO + vasodilation ➔ ↓BP

Table 7.
Mechanism of action and effects of inotropes and vasopressors.
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vasodilation in vascular smooth muscle. It has the advantage of achieving these results
without acting on adrenergic receptors and is therefore ideal in situations where
receptor downregulation has developed due to chronic inotrope usage such as in those
patients with chronic heart failure [9].

Vasopressin maintains perfusion pressure through two main mechanisms. Firstly,
it acts on blood vessels to produce vasoconstriction via the activation of V1-receptors.
This causes an increase in SVR and thereby increases arterial pressure. Secondly, it
stimulates V2-receptors on renal tubular cells to enhance fluid reabsorption via
aquaporin channels. Vasopressin is also known to stimulate CRH release from the
hypothalamus, thereby increasing downstream ACTH and cortisol secretion. Cortisol
in turn enhances vasoconstriction and inhibits secretion of vasodilators such as PGE2
and nitric oxide.

Mechanisms of these drugs and their effect on the cardiovascular system are
summarized in Table 7.
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Chapter 3

Spinal Shock: Clinical Pearls
Sri Rama Ananta Nagabhushanam Padala, 
Vaishali Waindeskar, Ved Prakash Maurya, Rakesh Mishra  
and Amit Agrawal

Abstract

Spinal shock is a clinical manifestation following injury to the spinal cord resulting 
from multiple mechanisms. It is a complex phenomenon with flaccid paralysis, absent 
anal wink, and bulbocavernosus reflex. Management strategy for such patients includes 
rapid evaluation and treatment strategies to minimize the impact of secondary spinal 
cord injury. The advanced trauma life support (ATLS) guidelines provide the basis for 
rapid assessment and stabilization of A (Airway), B (Breathing), and C (Circulation) 
before dealing with the neurological deficits under the primary survey. The emergence 
of better radiological investigations has been pivotal in categorizing spinal syndromes 
and reaching a precise diagnosis. Early initiation of treatment measures results in 
better neurological and functional recovery with minimal residual deficits. The role of 
steroids in spinal shock has been a highly debated topic, and the timing of surgery is 
variable, intending to eliminate the secondary injury. Clinical differentiation between 
neurogenic and hypovolemic shock is vital, enhancing the quality of care with realistic 
outcome expectations.

Keywords: spinal shock, sympathetic, spinal injury, spinal reflex, spinal cord

1. Introduction

The term “spinal shock” was introduced to differentiate arterial hypotension, 
which is due to hemorrhage. Spinal shock appears following spinal cord injury leading 
to loss of sympathetic tone which is described in literature for more than 150 years 
[1–3]. This shock manifests as transient loss or impairment of all or part of spinal 
reflex activity below the level of the spinal injury that may be due to physiologic 
or anatomic transection of the spinal cord [4]. In this chapter, we review the basic 
concepts in the development of spinal shock, clinical presentations, management 
strategies, follow-up, and outcomes in patients with spinal shock.

1.1 Overview

In a majority of the cases, spinal shock result secondary to trauma (motor vehicle 
accidents, falls, sporting accidents, and self-harm) [5] causing either transection, 
hemorrhage, or ischemic injury to the spinal cord [6], other less-common causes 
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include mechanical cord compression, hypotension, and hypoxia [7]. In spinal 
shock, descending facilitation of upper motor neurons in spinal cord injury patients 
is impaired, leading to difficulties differentiating upper motor neuron lesions from 
lower motor neuron lesions [8]. The somatic component of spinal shock and auto-
nomic reflexes are variably affected depending on the level of injury and phase of 
recovery [8]. Clinically, the spinal shock is characterized by reversible and tempo-
rary loss of all neurological function (that includes motor and sensory dysfunction, 
variably depressed reflexes, detrusor and rectal tone) below a particular spinal 
level [6, 9–12]. During the recovery phase, acute loss of functions is followed by the 
development of spasticity with increased muscle tone, exaggerated deep tendon 
reflexes, and muscle spasms [13]. Usually, reflex detrusor contractility returns if the 
distal portions of the spinal cord are not damaged but rather isolated from higher 
centers. Initially, such reflex activity is not maintained correctly and the return of 
reflex bladder activity typically occurs with the recovery of deep tendon reflexes in 
the lower extremities [8].

2. Clinical evaluation

Resuscitation, hemodynamic stabilization, and clinical assessment of a patient 
with spinal shock are a simultaneous and ongoing process [4, 8]. Clinical details 
include a detailed history of the mode and mechanism of injury (hit by another 
vehicle, fall, rollover crash, ejection outside the car, or seat belt was used or not), any 
history of alcohol intoxication, history of any comorbid conditions, and a detailed 
spine and physical examination of all the systems to exclude any associated injuries 
or dysfunctions [14]. Neurological examination includes assessment of the level of 
consciousness, motor and sensory functions, and assessment of deep tendon and 
superficial reflexes [15–17]. This will help determine the lesion’s level and the extent 
of neurological impairment. Additionally, attention should be paid to determine 
the associated autonomic dysfunction (including bowel and bladder disturbance), 
autonomic dysreflexia, and the presence and extent of cardiovascular dysfunctions 
[18]. Involvement of the respiratory system, particularly intercostal muscles and 
diaphragm, can result in respiratory compromise. Early recognition and appropriate 
intervention (elective ventilation, early tracheostomy), including chest physiology, 
will help recover respiratory functions.

2.1 Spinal shock versus neurogenic shock

Although “spinal shock” and “neurogenic shock” are used interchangeably to opti-
mize the outcome, there is a need to identify these two entities separately. Neurogenic 
shock is characterized by the hemodynamic changes resulting from spinal cord injury 
(above T6) and a loss of autonomic tone resulting in hypotension and bradycardia 
[4]. In a broader perspective, neurogenic shock is a distributive shock characterized 
by hypotension, bradycardia, and peripheral vasodilatation. It can manifest follow-
ing a significant central nervous system damage (head injury, cervical spinal cord, 
or high thoracic cord injuries) [4]. Table 1 shows a comparative description of these 
two types of shock, frequently encountered in trauma patients [19–22]. In clinical 
practice, early identification of spinal shock relieves the patient’s anxiety and better 
prognostication of the sequela following spine injury.
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2.2 Management

In the majority, spinal shock is associated with traumatic spinal cord injuries and 
requires a comprehensive interprofessional team approach (consisting of emergency 
teams, neurosurgeons, neuro-rehabilitation experts, and social workers). Imaging 
evaluation includes magnetic resonance imaging (MRI) and a detailed spinal com-
puted tomogram (CT) with bony details. Before performing the detailed imaging, 
initial evaluation, and management follow the protocol to manage any patient who 
presents to the emergency room and manage “Airway, Breathing and Circulation” 
[23]. These patients may need intubation, mechanical ventilation, central venous 
access, invasive monitoring, and vasopressors to manage hemodynamic instability and 
neurogenic shock. They may require management of the source of hemorrhage, pneu-
mothorax, myocardial injury, pericardial tamponade, or any other source of hypoten-
sion [23, 24]. Patients with a high cervical injury who present with spinal shock shall 
need special attention as these may frequently require cardiovascular interventions, 
including pacemakers for symptomatic bradycardia [25]. Elective ventilation or early 
tracheostomy to prevent or manage respiratory complications [26]. These patients shall 
need nutritional support, prophylaxis to prevent gastric ulcers, deep vein thrombosis, 
a long-term indwelling urinary catheter for bladder dysfunction, toilet training for 
bowel dysfunction, and care from preventing pressure ulcers [6, 7].

2.3 Outcome

Although there is improved survival in the patients, the severity of neurological 
deficits determines the overall outcome of these patients [6–8]. Overall, spinal cord 

Spinal shock Neurogenic shock

Location of 
injury

Due to spinal cord injury at any level Due to head injury and spinal cord injury at 
cervical and high thoracic spine (above T6) level

Onset Sudden to days Sudden

Mechanism Temporary unresponsiveness of 
peripheral neurons to brain stimuli 
leads to loss of reflex activity below 
the level of lesion

Autonomic pathways disruption leads to loss of 
sympathetic tone and vasodilation

Affects Just spinal cord is affected Entire nervous system is affected

Clinical 
presentation

Clinically present as flaccidity 
followed by spasticity at a later stage

Clinically present as instability of blood 
pressure, heart rate, and temperature regulation

Systemic 
hypotension

Possible Always

Treatment No specific treatment for spinal shock Phenylephrine/norepinephrine to regain the 
sympathetic tone and atropine/glycopyrrolate 
for bradycardia

Resolution Usually a temporary phenomenon, 
recovering within 24 to 48 hours, but 
can persist for 4 weeks to months

Usually short

Table 1. 
Comparison between spinal shock and neurogenic shock.
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injury and shock are associated with poorer functional and overall outcomes requir-
ing long-term rehabilitation care [15, 27].

2.4 Respiratory

The level of spinal cord injury usually determines the degree of respiratory sup-
port required in these patients. Complete injury above the level of C3 results in apneic 
respiratory arrest and death in the absence of prompt ventilatory support. Less-severe 
ventilatory impairment is associated with injuries below the C5 vertebra with various 
levels of respiratory failure for injuries between C3 and C5.

2.5 Cardiovascular

Involvement of cardiac accelerator fibers (T1–T4) is the cause of bradycardia 
and decreased myocardial contractility in these patients, often resulting in systemic 
hypotension and subsequent reduced spinal cord perfusion.

2.6 Deep venous thrombosis

Venous thromboembolism is one of the major causes of death, in addition to infec-
tious complications after spinal cord injury. Antithrombotic prophylaxis by means of 
low molecular weight heparin or low-dose unfractionated heparin along with non-
pharmacologic devices is helpful.

2.7 Gastrointestinal

There is increased risk of stress ulcers and upper gastrointestinal bleeds in these 
patients especially in those who are on mechanical ventilation and receiving high-
dose steroids.

2.8 Neuropsychiatric

Depression, anxiety disorders, substance-related disorders, and suicidal tenden-
cies are neuropsychiatric complications in these patients. Psychological support and 
counseling are essential.

Ditunno et al. [6]. described the loss of reflexes and recovery patterns in spinal 
shock patients in much detail depending upon duration following injury. He recog-
nized four phases (Phase I–IV), phase I (Areflexia/hyporeflexia) postinjury day 0–1, 
phase II (Initial reflexes return) postinjury days 1–3, and phase III (Initial hyper-
reflexia) postinjury between days 4 and 1 month and phase IV (Final hyperreflexia) 
occurs between 1 and 12-months after injury.

3. Conclusions

In patients with spinal injuries, spinal shock is associated with poor outcomes. In a 
case of a history of trauma, careful attention should be paid to recognizing the spinal 
injuries and reasonable efforts need to be made to avoid the aggravation of injuries. 
Management needs to focus on airway and respiratory dysfunction, hypotension, and 
cardiovascular abnormalities. Imaging modalities, including CT and MRI, can help 
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Chapter 4

Extracorporeal Blood Purification 
with the Oxiris Membrane in Septic 
Shock
Franco Turani and Sara Martini

Abstract

Septic shock with AKI is associated with a high mortality. We evaluated whether 
continuous renal replacement therapy (CRRT) using a membrane (oXiris) with 
adsorbing properties could improve cardio-renal response and modulate endotoxin 
and cytokine levels. 105 patients requiring CRRT for septic shock-AKI received CRRT 
with an oXiris filter. The main cardio-renal parameters, SOFA total score, SOFA 
organ score, endotoxin and cytokine levels were measured at baseline (T0) and 72 
h after the start of CRRT (T1). Norepinephrine infusion rate, blood lactate levels, 
and thromboelastographic parameters were monitored. At T1, the renal function 
improved (p < 0.01) urinary output increased ( p < 0,.01 ) with the cardiac response 
and the decrease of norepinephrine infusion. SOFA total decreased to 8.4 ± 3 from 
12 ± 2 (p < 0.001). Endotoxin decreased also at T 1 ( p < 0.01) with a reduction of Il 6 
and procalcitonin. Lactate level ranged from 3.37 ± 3.2mto 1.67 ± 1.8 mmol/l  
(p < 0.01). CRRT with the oxiris filter improves the cardio renal response response 
in septic patients with AKI. This is associated with a modulation of endo-toxemia, of 
cytokines and the stability of the coagulation parameters.

Keywords: blood purification, AKI, septic shock, Oxiris membrane, citrate 
anticoagulation

1. Introduction

Sepsis and septic shock are one of the 10 causes of death worldwide, and the second 
cause in Intensive Care Unit. Moreover, in many septic patients (e.g., 40%), acute kid-
ney injury rapidly develops, increasing the risk of mortality (from 50 to 80%) and the 
complications [1]. Despite the clinical importance of AKI during sepsis, many physi-
ological aspects are not completely known, and its treatment is currently inadequate. 
Only recently, new studies have challenged the hemodynamic nature of AKI during 
sepsis, which may occur even if the renal blood flow (RBF) is maintained [2].

In the context of sepsis, considering as a dysfunctional immunological response, 
probably many pro-inflammatory mediators and endotoxin may interact with the 
kidney at different levels (tubular cells, mesangial cells, glomerular cells) and induce 
AKI [3]. The kidney itself may exacerbate this inflammatory response and cross talk 
with other organ (lung, heart) to induce a multiorgan failure [4]. This may occur also 
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in the recent viremia Covid-19, in which an uncontrolled inflammatory response is 
described by many AA and septic shock with a multiorgan failure may ensue.

Extracorporeal blood purification, combining renal replacement therapy with the 
adsorption of many mediators, may be useful to modulate the septic immunological 
response and halt the renal cross talk with other organs.

Many devices are widely used, with different adsorbing capacity, but with incon-
clusive results [5].

The AN69-based oXiris membrane is modified with a positively charged charged 
polyimine ethylene layer capable of adsorbing negatively charged endotoxin mol-
ecules and IL6, IL10, and other mediators. Broman et al. have shown that Oxiris 
membrane may adsorb endotoxin and IL6 better than AN 69 st. in the first 24 h of 
treatment of patients with abdominal sepsis [6].

In this prospective study, we evaluated the changes of endotoxin during 76 h 
of CRRT in patients with different sources of sepsis. The changes of IL6, IL10, and 
procalcitonin are also studied, with the assessment of the coagulation in an attempt to 
confirm the effect of oXiris on endotoxin and other mediators in septic patients with 
AKI in a time period study longer than 24 h.

2. Methods

2.1 Study design

Non-interventional, observational, multicenter, prospective study.

2.2 Study cohort

The setting was a 11-bed secondary referral medical-surgical intensive care unit 
(ICU) at the Aurelia Hospital in Rome, Italy, and the 15-bed Cardiothoracic Intensive 
Care at the European Hospital in Rome. All patients were treated according to the 
normal ICU protocol and current severe sepsis guidelines [7].

The study population consisted of patients with sepsis/septic shock defined by 
Sepsis 3 conference with AKI, defined by KDIGO criteria. (Sepsis 3 Kdigo) Inclusion 
criteria were also considered: Endotoxin activity assay ≥0.6 and/or IL6 ≥ 150 pg/mL, 
noradrenaline infusion, MAP, and P/F ratio < 200 with mechanical ventilation or 
NIV. Patients with an age < 18 years 80 > and/or being pregnant, if present chronic 
renal failure (or previous treatment with CRRT), endotoxin or interleukins in the 
normal range, Glasgow Coma Score (GCS) < 8 due to hemorrhagic or ischemic events, 
and the need of extracorporeal membrane oxygenation (ECMO) were not eligible to 
receive CRRT and Oxiris treatment.

2.3 Study procedure

After receiving consent, Oxiris filter (Baxter, Il_USA) was assembled on the 
Prismaflex System or Prismamax (Il_USA), and CRRT was started on CVVHDF mode.

All treatments were performed by the same experienced nurses under the 
supervision of the investigators. Vascular access was obtained with use of double-
lumen venous catheters through echographic visualization of femoral or Iinternal 
giugular vein. The circuit was prepared according to the manufacturer’s guidelines 
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by rinsing the device with 1000 ml of physiological saline solution with 5000 UI 
of heparin.

In Tables 1 and 2, the initial prescription of CRRT with oXiris membrane and the 
protocols of anticoagulation we used are shown.

2.4 Measurement

Endotoxin activity was measured using a commercial kit for whole blood 
neutrophil-dependent chemiluminescence (EAA Endotoxin Activity Assay; Spectral 
Diagnostics, Inc., Toronto, Ont., Canada). Arterial blood samples for EAA assay were 
drawn before the treatment (T0), after 72 h of CRRT with the Oxiris membrane (T1). 
The plasma levels of IL-6 and IL 10 were measured using enzyme-linked immu-
nosorbent assay kits, according to the manufacturer’s instructions (R&DSystems, 
Minneapolis, MN, USA). PCT was detected by enzyme-linked fluorescence assay 
(MINIVIDAS; bioMérieux, Marcy-l’Étoile, France).

Hemodynamic and respiratory data were continuously recorded on the electronic 
patient record system. Transthoracic echocardiography was performed by a cardiolo-
gist blind to the protocol, and the images was stored and analyzed off-line.

Thromboelastography analysis was performed at basal time and at the end of the 
treatment.

The Thrombelastograph® (TEG® 5000, Haemonetics Inc., Braintree MA) ana-
lyzer, the TEG6s system (Haemonetics, Braintree, MA, Niles, IL) have been used.

2.5 End points

Primary end points

Qb ml/min 150 ± 20

Qd ml/h 1000 ± 600

Qr pre dilution ml/h 0

Qr post dilution ml/h 800 ± 250

Q PBP citrate infusion ml/h 1400 ± 250

Filtration fraction (%) 25 ± 6

Table 1. 
CVVHDF with oXiris filter: initial prescription.

Anticoagulation N. patients Hours of treatment

Heparin ev 10 26 ± 5

Citrate 10 mmol/L 10 32 ± 8

Citrate 18 mmol/L 70 56 ± 16

No anticoagulation 11 18 ± 6

Table 2. 
CVVHDF with oXiris filter: anticoagulation of the circuit.
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1. Improvement of renal failure with the decrease of SOFA renal to 50% of the 
basal level

2. Increase of urinary output of 50% vs. basal level, improvement of the fluid 
balance, and increase of P/F ratio

3. Resolution of the arterial hypotension and decrease of the vasoactive drugs with 
the changes of SOFA cardio to 50% of the basal level

4. Decrease of SOFA total to 40% of the basal level

Secondary end points

1. Decrease of endotoxin to <0.6 and IL6 to 40% of the basal level

2. Decrease of procalcitonin and PAI-1 to 40% of the basal level

3. Stability of the coagulation profile, included thromboelastographic parameters 
and changes of PAI-1

4. Improvement of filter thrombogenicity, evaluated by Platelet map thromboelas-
tography

2.6 Data collection

All clinical data are stored on the clinical informatic platform CLINIC DATA PRO 
(System Line—Empoli, Italy). All microbiological, immunological, and coagulation 
data are stored on the laboratory informatic platform—MODULAB GOLD ITALY 
(WERFEN UK). The data of 25 patients were transmitted and stored on the clinical 
platform REDCUP Villa.

2.7 Ethical consideration

The study protocol was approved by the Ethics Committee of the Azienda 
Ospedaliera San Camillo – Forlanini (reference No. 418 CE Lazio 1/2019) and regis-
tered at clinicaltrials.gov (NCT03914586). Written informed consent was obtained 
from each patient or next of kin.

2.8 Statistical analysis

Sample size calculation was based on changes in EAA level detected using the EAA 
test in a previous study on oXiris in patients with AKI and septic shock [BPUF]. Using 
a Student’s paired t-test with a two-sided α = 0.05, it was calculated that 90% power 
would be obtained with a sample size of 60 patients, based on a decrease in endotoxin 
levels from 0.78[ 0.98–0.65 ] EU/ to 0.58 [0.13–0.41] EU/ml. To compensate for 
potentially larger variation in endotoxin levels, we estimated that 80 patients with 
complete datasets should be included.

Continuous variables are reported as mean ± SD or median (first–third quartiles) 
and categorical variables as count and proportion. Comparisons of proportions were 
made using Chi-square test or Fisher exact test. Continuous variables were compared 
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using Student t-test or Wilcoxon rank-sum test and one-way anal-ysis of variance 
or Kruskal-Wallis test, as appropriate. Post hoc Tukey range test and Dunn’s test for 
multiple comparisons were used. We performed stepwise (forward and backward) 
multivariable logistic regression analyses to identify factors associated with different 
types of infections.

We performed multivariate analyses to identify factors potentially associated with 
different infections: abdominal infection vs. thoracic infection. Covariates found to 
be associated with abdominal infection in the bivariate analysis with a p value of less 
than or equal to 0.20 were entered in stepwise (forward and backward) multivariable 
logistic regression analyses with significance alpha levels less than or equal to 0.05 
for retention. Multicollinearity was assessed calculating a variance inflation factor of 
each variable and rules out if the variance inflation factor was lower than 4. Results 
are shown as ORs with 95% CIs, and model performance was assessed using the 
Hosmer-Lemeshow goodness-of-fit test statistic. These analyses were conducted with 
GraphPad Prism 7.02 (La Jolla, CA, USA).

3. Results

From January 2012 to September 2020, 143 patients with sepsis septic shock 
(Sepsis III definition) and AKI (AKIN classification) required ICU admission to 
Aurelia Hospital and European Hospital in Rome.

Among these patients, after the revision of the clinical data stored in the clinical 
informatic platform, 42 patients have been excluded from the study, as they did not 
fulfill the inclusion criteria (Figure 1).

Figure 1. 
Enrollment of the patients in the study. From 143 patient referred to the two intensive care AURELIA HOSPITAL 
and EUROPEAN HOSPITAL finally 101 patients were enrolled in the study.
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In total, 101 patients with sepsis/septic shock and AKI (AKIN criteria) received 
CRRT with oXiris filter and completed the study. In Tables 3 and 4, the main basal 
anthropometric and clinical data are reported. All patients received intensive care 
treatment in accordance with the Survive Sepsis Campaign Bundle. The initial 
prescription was continuous venovenous hemodiafiltration (CVVHDF), as reported 
in Table 1. Data on anticoagulation are shown in Table 2.

For the 101 patients included in the study, we analyzed the protocol data at basal 
time (T0) and after 72 h of treatment (T1). All patients included in the study were 
also stratified on AKIN criteria, and the changes between these groups were also 
evaluated.

3.1 Primary end points

During the 72 h of treatment, urinary output increased and creatinine improved 
(Table 5). SOFA renal decreased (Figure 2). Urinary output increased to 57% and 
was associated with the increase of P/F ratio and fluid balance (Tables 5 and 6).

In Table 6, the main hemodynamic changes during the treatment are shown. MAP 
increased and norepinephrine dosage dropped to low value. This is associated with 
the changes of SOFA cardio.

SOFA total decreased, too, as a result of this global clinical improvement 
(Figure 2).

3.2 Secondary end points

At T0, EE activity was 0.64 ± 0.15. 8.5% of patients had low EAA activity (< 0.39 
unit), 28% medium EAA activity (0.40–0.59 unit), and 63% of patients high EAA activ-
ity (> 0.60 unit), confirming the massive release of endotoxin in septic patients with AKI.

APACHE II 23 ± 4

SOFA total 12.6 ± 3

AKIN Classification

AKI 3 patients 36

AKI 2 patients 27

AKI 1 patients 38

Table 4. 
Basal clinical data at study entry.

Number of patients 101

M/F 68/33

Age/year 68 ± 9

Weight (kg) 85 ± 15

Height (cm) 170 ± 6

BSA 2.2 ± 0.6

Table 3. 
The main anthropometric data at study entry.
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At T1, EAA decreased to 0.5 ± 0.1 unit (p < 0.01 vs T0) Il6, Il 10, and procalcitonin 
mirrored these changes (Table 7).

T0 T1

Creatinine mg/dl 2.3 ± 1 1.15 ± 0.5***

UOP mL/24 h 1074 ± 825 1826 ± 1173***

HCO3 meq/l 21 ± 2 24 ± 3

Lactate mmol/l 2.3 (1.6–3.2) 1.1 (0.8–1.8)**

*** p< 0.001
**p< 0.01

Table 5. 
Renal and metabolic changes during CRRT with the membrane oXiris.

T0 T1

MAP mmHg 63 ± 12 79 ± 13***

Noradrenaline μicr/kg/min 0.12 ± 0.1 0.05 ± 0.01***

P/F ratio 215 ± 80 288 ± 73*

Arterial elastance 1.2 (1.1–1.4) 1.9 (1.3–2.05)

Ventricular elastance 0.7 (0.6–0.9) 1.2 (1.1–1.4)

*** p< 0.001
**p< 0.01
*p<0.05

Table 6. 
Hemodynamic and respiratory changes during CRRT with the membrane oXiris.

Figure 2. 
SOFA changes during CRRT with oXiris filter. SOFA changes are shown. SOFA resp., SOFA card, SOFA renal 
improve. T0 = basal time. T1 = after 72 h of oXiris treatment.
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Coagulation parameters were stable, with nonsignificant decrease of platelets and 
no changes of TEG parameters (Table 8).

PAI – I decreased, too, confirming an antithrombotic effect of RRT with oxiris 
membrane, as indicated by platelet TEG in patients with citrate anticoagulation.

3.3 Adverse events

Clotting of the filter (5/20) and minor bleeding (8/20) were the most common 
events in patients with heparine anticoagulation. Patients with citrate anticoagulation 
developed acid-base disturbance (metabolic acidosis 7/70, lactic acidosis 5/70), clot-
ting of the filter (10/70), and two episodes of HIT not related completely to the CRRT 
treatment. In the patients treated without anticoagulation, clotting of the filter was a 
common event (6/11).

4. Discussion

4.1 Key findings

The main findings of this study are:

1. AKI during sepsis/septic shock is associated with a pro-inflammatory response 
(IL6, Procalcitonin, Endotoxin), it’s equally present in all the AKIN groups and 
drives a multiorgan dysfunction.

2. CRRT with the adsorbing filter oXiris may improve this condition: its use has a 
positive effect either on the cardio-renal function and the immunological response.

T0 T1

IL6 pg/ml 437 (206–1137) 91 (28–188)***

IL 10 pg/ml 14 (7–132) 8 (6–42)

Procalcitonin ng/ml 45 (14–58) 12 (10–18)***

EAA unit 0.64 ± 0.15 0.51 ± 0.1**

*** p< 0.001
**p< 0.01

Table 7. 
 Immunological changes during CRRT with the membrane oXiris.

Parameters T0 T1

Platelets (103 μl) 159 ± 124 127 ± 83

Fibrinogen (mg/dl) 507 ± 248 493 ± 248

D/dimer (ng/ml) 2402 ± 1136 2135 ± 1037

PAI-1 (ng/ml) 76 ± 31 25 ± 28*

*p<0.05.

Table 8. 
Coagulation parameters during CRRT with oXiris filter.
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3. Despite the involvement of the coagulation system during sepsis/septic shock, 
CRRT with the oXiris filter seems to prevent the worsening of the coagulation 
and DIC.

4. This effect may result from an antithrombotic of the oXiris filter, mainly when 
anticoagulation with citrate is used.

AKI is a severe complication of sepsis: it’s a common finding in 40–50% of septic 
patients and correlates with a high mortality. However, no effective therapy is cur-
rently available, and recent studies challenged the notion that AKI during sepsis 
depends on renal perfusion and systemic hypotension. New evidences suggest that 
a dysregulated immunological and inflammatory response induces microcirculatory 
alterations not responding to the usual intensive care treatment.

Data of our study confirm these results: IL6 is high at basal levels and probably has 
a direct toxic on the kidney and induce a vasoplegic response, which is also detrimen-
tal for the renal function.

Shimatsu et al. found that high quartiles of IL6 increased the risk of anuria and 
AKI, whereas Payen et al. found that plasma cytokine’s profile differed according to 
AKI severity [8].

In adjunct to IL6, we also evaluated procalcitonin and endotoxin: they were 
elevated in all the AKIN groups. Procalcitonin increases during bacterial infection 
and during sepsis, may induce a toxic effect on the kidney, and is associated, too, with 
AKI development and mortality in critically ill patients, in line with our results. Very 
recently, Ronco et al. have shown that a combination of [TIMP-2] Å ~ [IGFBP7] and 
PCT improved the predictive ability for AKI occurrence. Unfortunately, in our study 
we did not measure biomarkers and we cannot confirm these data [9].

Nevertheless, the serial measurements of cytokines and procalcitonin and the 
changes of the renal function reinforce the Ronco’s hypothesis that there is an associa-
tion between inflammation and AKI development.

Interestingly more than 80% of patients, in our study, had endotoxin ≥0.6 ng/mL, a 
cutoff value, which correlates with a predictive positive response to BP in Euphrates trial.

In our study, as in Euphrates RCT, we enrolled patients with different infections 
(GRA– and GRAM+) or none (Table 9). Endotoxiemia, therefore, seems a global 
response during sepsis and AKI, not depending only on Gram-negative infections, but 
also on Gram + bacteria and probably by bacterial translocation, as recently pointed 
out by Honore’ et al. [10].

The IL10 changes follow the changes of all other mediators, confirming that a pro- 
and anti-inflammatory response may coexist in the early phase of the sepsis.

Pathogen Number

Gram-negative 40

Gram-positive 20

Mixed gram negative and positive 25

No microbiological data 15

Fungi 5

Table 9. 
Pathogens isolated in the study population.
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This dysregulated immunological response translated in a multiorgan dysfunction 
with high basal lactate levels, the need of vasopressor therapy, and of mechanical 
ventilation in more than 80% of patients.

CRRT with Oxiris filter had many effects on this condition. First of all, this treat-
ment improved the renal function: creatinine decreased and urinary output increased 
with improvement of SOFA renal (Figure 1). As expected, cardiocirculatory function 
improved: MAP increased with the decrease of noradrenaline infusion and SOFA 
cardiac (Figure 1).

These data are well explained in the context of the cardio-renal syndrome, in 
which oliguria, electrolytic disturbances, and uremia depress the cardiac function. 
However, the circulatory function during sepsis depends also on many inflammatory 
mediators. In this study, in effect, the improvement of the renal and the cardiac func-
tion is associated with the decrease of IL 6 and procalcitonin (Table 7).

Very recently, Zhay et al. showed a superiority of oxiris filter in confront of 
RRT with no adsorbing filter, with data on il6 endotoxin and cardio-renal response 
similar to our study. Notably, they showed also the changes of procalcitonin, as 
in our study. These data are recently confirmed by Xie et al., who stated that the 
changes of procalcitonin during the treatment may have a positive impact on the 
survival [9, 11, 12].

We observed also the changes of the endotoxin. This is in agreement with Kellum’s 
in vitro study and Broman’s and Zai’s et al.’s clinical studies [7, 11].

Different from these studies, we used a chemiluminescence method to detect EAA 
changes during a longer time study. Whereas Broman and Zai evaluated EAA changes 
during 24- and 8-h treatment; in our study, EAA changes are evaluated at basal time 
and after 72 h of treatment.

Notably, endotoxin improved more in sepsis of abdominal origin then in thoraco-
pulmonary sepsis, as previously shown by Cutuli et al. [13]. Probably in our study, as 
in Euphas 2, patients with abdominal infection have a more rapid decrease of endo-
toxin trough the source control of surgery. In this case, endotoxin declines rapidly also 
at extracellular and tissue level, promoting a more efficient adsorbing effect of the 
membrane Figure 3.

This important pro-inflammatory reaction, as expected, activates the coagulation 
response: platelets are in the lower normal range, PAI-1 is increased, and TEG analysis 
showed high or normal MA in more of 50% of patients, confirming that hypercogula-
tion is a common trait during sepsis [14].

During the treatment, all coagulation parameters are stable or improve, as indi-
cated by D/D, the stability of the platelet’s numbers and decrease of PAI-1. Data of 
TEG, too, indicate a stability of all parameters.

We can hypothesize that some properties of the oXiris filter—heparine-coated 
layers, the adsorbing action of pro-inflammatory, and pro-coagulant mediators with 
the use of regional anticoagulation with citrate may modulate the coagulation cascade 
and prevent DIC.

However, heparin-coated membrane itself, as assembled on oXiris membrane, 
probably fails to prevent a full anticoagulation. Shetz et al., Seminars et al. reported 
that AN69 ST membrane and Oxiris membrane do not prolong filter survival without 
anticoagulation [15, 16].

Probably heparin-coated layers may be saturated very early, as the anticoagulant 
effect is likely localized to only areas of membranes where heparin is immobilized and 
exposed areas to politylenimine are not spared by thombogenicity.
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Secondarily, during sepsis, activated monocite and other cells adhere to surface of 
extracorporeal circuit, inhibit fibrinolysis, and render clots resistant to heparin [17].

Third heparin has a weak activity on calcium concentration, whereas during 
sepsis, the most important pro-coagulant mechanism is induced by calcium release.

Finally, histones and other dams or pumps are strongly adsorbed by heparin 
layers, which may be early saturated and then inhibited to anticoagulate the mem-
brane [18]. Thus, citrate protocol we used in this study seems a rational alternative 
to heparin [14].

The main advantage of citrate is that regional anticoagulation achieves optimal 
filter anticoagulation without affecting patient’s coagulation. In this study, the coagu-
lation parameters are stable, without induction of avert DIC.

In Table 10, the changes of TEG parameters during oXiris treatment are shown.
In Figure 4, the different changes of them during citrate and heparin anti coagu-

lation are shown. In the heparin group MA and R were longer than citrate group, 
confirming that citrate achieves a better stability of the coagulation.

These data are in line with a very recent study by Osterman et al., who confirmed 
that coagulation profiles were stable during CRRT with citrate and no increase of 
prothrombotic status was found. Wiegele et al. confirmed these data [18].

We aimed, also, to control the in-filter changes of the coagulation to confirm 
whether citrate would be able to abolish the coagulation, as compared with heparin. 
Filter was fully anticoagulated by citrate, but not by heparin (Figure 5). This was 
little surprising, considering that heparin is widely used to anticoagulate all the extra 
corporeal circuits in many clinical contexts.

During sepsis, however, a pro-coagulant response is activated, either through 
calcium-dependent mechanism or inhibition of normal anticoagulant factors 

Figure 3. 
Endotoxin response during CRRT with oXiris filter in different infection patients. In patients with sepsis of 
abdominal origin (abd) endotoxin decreases more than in patients with sepsis of thoracopulmonary (thor) origin. 
**p < 0.01 in the group.
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(e.g., decrease of AT III). In this way, heparin response is blunted and thrombosis 
of circuits may occur, with failure of the treatments and worsening of the patient’s 
condition [19].

These data are in line with Panigada et al., who reported that citrate infusion to 
maintain ca++ filter <0.25 mmol/L fullly anticoagulated the ECCO2 removal circuit 
and had TEG changes as in our study [20].

Ostermann et al., otherwise, have shown that citrate anticoagulation does not 
affect intra-circuit parameters and that all patients exhibited raised thrombin 
generation.

At variance with this study, we utilized the Haemonetic TEG, which employs a 
heparinized blood sample that is mixed with dried reagents within each of the four 
channels of the cartridge. We cannot hypothesize whether these different changes of 
TEG parameters depend on a different method, or reagents or a different properties 
of the dialytic membranes have been used.

Failure of the circuit depends not only on coagulation factors, by also on platelets, 
which are activated during sepsis and CRRT.

In this study, we evaluated also platelet’s function by thromboelastography: this 
was downregulated in the filter during treatment with citrate, but not with heparin 
(Figure 4).

Parameters T0 T1

R (min) 9.65 ± 3 9.59 ± 4

K (min) 2.1 ± 0.5 3.7 ± 0.9

Ang (grade) 65 ± 7 62 ± 9

MA (mm) 65 ± 5 76 ± 59 ± 8

LY 30 (%) 3 ± 0.9 6.5 ± 0.9

Table 10. 
TEG parameters during CRRT with oXiris filter.

Figure 4. 
TEG changes during CRRT with oXiris filter from arterial sample. In citrate group, MA was higher than in 
heparin group, as a more firm coagulation is achieved ** p < 0.01 between the groups. R and K are expressed in 
min, ANG in grade, and MA in mm.
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As platelets are activated via a calcium-dependent mechanisms, citrate probably 
decrease platelet activation in many ways, including inhibition of PF4, extracellulare 
vescicles, and particle microparticle, which are strongly pro-coagulant Figure 5.

Heparin, itself, may enhance platelet aggregation probably by P2Y receptor: the 
effect of Ca++ inhibition by and the action of heparin may explain the different TEG 
changes and confirm that citrate has a full anti coagulation, better than heparin [21].

These data are, again, at difference with Ostermann, who observed no change in 
platelets function, using PFA-100 analyzer. Panigada, too, did not show any effect 
of citrate on platelet function evaluated by aggregometry. Also in this case we can 
conclude whether these divergent data stem from different methods of study or from 
an effect of the oXiris membrane we used.
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Figure 5. 
In filter changes during CRRT with oXiris filter. In citrate R was higher, angle and MA lower than heparin group, 
as a stronger filter anticoagulation. *** p < 0.001 between the groups. R and K are expressed in min, ANG in 
grade, and MA in mm.
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Abstract

In the United States, ~100,000 patients are hospitalized annually for cardiogenic 
shock with 27–51% mortality. Similarly, ~356,000 patients develop out-of-hospital 
cardiac arrests (OHCA) annually with 90% mortality. In the last few decades, several 
acute mechanical circulatory support (AMCS) devices have been developed to provide 
hemodynamic support and to improve outcomes in patients with cardiogenic shock 
and cardiac arrest. Among all the devices, venoarterial extracorporeal membrane oxy-
genation (VA-ECMO) is the only AMCS device that provides immediate and complete 
cardiopulmonary support. With an increase in clinical experience with VA-ECMO, use 
of VA-ECMO has expanded beyond post-cardiotomy cardiogenic shock. In the last two 
decades, there has also been a rapid growth in the observational and randomized data 
describing the clinical and logistical considerations with successful clinical outcomes 
in patients with cardiogenic shock and cardiac arrest. In this review, we discuss the 
fundamental concepts and hemodynamic aspects of VA-ECMO, its indications, contra-
indications, and the complications that are encountered in the setting of VA-ECMO in 
patients with cardiac arrest and cardiogenic shock of various etiologies.

Keywords: cardiogenic shock, cardiac arrest, ECPR, extracorporeal membrane 
oxygenation, myocardial infarction, sepsis, heart failure

1. Introduction

Extra corporeal membrane oxygenator (ECMO) is a type of cardiopulmonary life 
support in which blood is withdrawn from the venous system, circulated outside the 
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body by a mechanical pump, and oxygenated carbon dioxide is removed with the help 
of a membrane oxygenator and then pumped back into the arterial (VA-ECMO) or 
venous system [1, 2]. ECMO provides an opportunity for both heart and lungs to rest 
and recover while body perfusion is maintained. Also, it helps to prolong the lives of 
patients on the waitlist for transplants list [3].

The history of ECMO dates back to 1944 when Kloff et al. were able to oxygenate 
blood when it was passed through the chambers of their artificial kidney [4]. Nine 
years after this breakthrough accomplishment, it was clinically applied when John 
Gibbon in 1953 repaired an atrial septal defect in an 18-year-old female on cardio-
pulmonary bypass (CPB) [5, 6]. After the introduction of Mayo-Gibbon machine in 
1955, oxygenator becomes an integral part of CPB machine used for repairing cardiac 
defects [7]. In 1972, CPB machine was used for the first time for prolonged cardio-
pulmonary support for shock lung in a 24-year trauma patient with tear in thoracic 
aorta and other orthopedic injuries. The patient was supported on CPB machine for 
75 hours and subsequently recovered [8]. Other cases quickly followed where CPB 
was used for prolonged cardiopulmonary support called extracorporeal life support 
(ECLS) [9, 10]. However, consistently poor outcomes in the majority of patients led 
to abandonment of ECMO. In 1976, Robert Bartlett used ECMO on a neonate suffer-
ing from meconium aspiration pneumonitis as rescue therapy. The baby recovered 
after 3 days and was successfully weaned from ECMO. This also led to the revival 
of ECMO to use as ECLS [11]. Earlier ECMO circuits had many problems including 
large circuits, large priming volume, the presence of bladder reservoir that increased 
the risk of air embolism, and roller pump that increased the risk of hemolysis, air, 
and particle embolism. Further, earlier ECMO was highly labor-intensive requir-
ing constant vigilance to prevent the accidents. The ECMO circuit was initially 
optimized by Ken Litzie in 1983 decreasing the parts and intricacy of the machine, 
allowing for rapid deployment in a nonhospital setting [12]. With further improve-
ment in machine design, use of centrifugal flow pumps with magnetically levitated 
rotating heads and use of silicone membrane oxygenators have made ECMO circuit 
low profile and less labor-intensive, and support the patient on ECMO safely for days 
to weeks without major complications. Although the origin of both CPB and ECMO 
machines is from same root, there are significant differences between both as sum-
marized in Table 1 [13].

Despite significant improvement in the ECMO circuit design, until 2009, ECMO 
was frequently used only for pediatric patients with good outcome. However, use of 
veno-venous ECMO (VV-ECMO) during the swine flu pandemic in 2009 with good 
outcome led to the revival of ECMO in adults. This was further boosted by successful 
use of ECMO in patients with COVID pneumonia during recent pandemic. Presently, 
ECMO circuit can be easily transported in both air and ground ambulances and insti-
tuted in a variety of cardiac and noncardiac conditions at various facilities like in the 
ward, operating room, cath lab, and even in the fields (mobile ECMO programs) at 
the site of cardiac arrest (CA) and even with ongoing cardiopulmonary resuscitation 
(CPR). Further, ECMO can provide robust biventricular as well as respiratory sup-
port in patients with severe refractory CS for prolonged duration with a patient being 
extubated and ambulant. Full VA-ECMO support offers time to perform diagnostic 
and therapeutic interventions while maintaining appropriate hemodynamics and gas 
exchange and organ perfusion.

In this chapter, we will review basics of ECMO and various indications of ECMO 
in patients with cardiogenic shock (CS) and cardiac arrest.
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1.1 Components

ECMO circuit consists of venous and arterial cannulas for drainage and return of 
blood, respectively, a hollow fiber membrane oxygenator for blood oxygenation and 
carbon dioxide (CO2) clearance, and a centrifugal pump for propelling the blood. The 
presence of membrane oxygenator is a critical distinguishing feature of ECMO from 
other acute mechanical circulatory support (AMCS) devices.

1.2 Cannulation technique

ECMO can be placed centrally or peripherally. Central VA-ECMO is usually placed 
in post-cardiotomy setting, when venous drainage cannula is placed in the right atrium 
(RA) or superior vena cava (SVC) and inferior vena cava (IVC) separately and oxygen-
ated blood is returned directly into the ascending aorta. For the management of CS, 
peripheral VA-ECMO is most commonly performed and femoral artery (FA), and 
femoral vein (FV) is the most commonly cannulated. Alternate site of cannulation is 
axillary artery or subclavian artery for arterial return and internal jugular vein (IJV) for 
venous drainage. Artery can be cannulated percutaneously under fluoroscopic guidance 
or surgically with a chimney graft. The advantages of whole upper body cannulation are 
ambulation, lower risk of infection, limb ischemia, cannula site bleeding, and ease of 
maintaining sterility. However, more time-consuming needs the presence of a surgeon. 
On the other hand, femoral cannulation can be easily done percutaneously by an 
individual trained in ECMO cannulation and is rapid. Appropriate size cannula should 
be selected to reduce the risk of vascular injury and at the same time maintain the low 
negative inflow (preferably <−50 mmHg) and low outflow (<300 mmHg) pressures 
[14]. In our center, when femoral artery is cannulated for VA-ECMO, we always insert a 
6 Fr distal reperfusion cannula into the superficial femoral artery to mitigate the risk of 
distal limb ischemia and splice into the arterial limb of the circuit (Figure 1).

1.3 Hemodynamic aspects of VA-ECMO support

Among all the available AMCS devices, VA-ECMO has the highest capability to 
reduce myocardial pressure-volume area (sum of myocardial potential energy and 

ECMO CPB

Pump Centrifugal Roller

Heparinization 50–100 units/kg 200–300 units/kg

Circuit type Open Closed

Maximal duration of circulation Weeks Hours

Ischemia of lower limbs Common (peripheral ECMO) Rare

Bleeding complications Less frequent More frequent

Activated clotting time (ACT) necessary 150–170 s > 400 s

Reservoir Absent Present

Open air contact Absent Present

Table 1. 
Comparison of ECMO and CPB.
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myocardial stroke work) in patients with CS reducing left ventricular end-diastolic 
volume (LVEDV) and left ventricular end-diastolic pressure (LVEDP) while provid-
ing complete hemodynamic and respiratory support. Myocardial pressure-volume 
area is further reduced by the weaning of inotropes and vasopressors. All these pre-
vent the vicious cycle of maladaptive neurohormonal and vascular mechanisms. Also, 
native RV function is not critical to provide systemic perfusion due to its reduced 
reliance on transpulmonary flow.

VA-ECMO improves systemic perfusion by increasing the MAP, reducing CVP, 
and increasing the systemic arteriovenous pressure gradient. This maintains the organ 
function and reduces the generation and accumulation of toxic metabolites. This may 
be particularly relevant to improving blood flow in organs with portal circulation, 
such as the liver and kidney. Fluid removal and reducing the venous congestion can 
be further enhanced by splicing a continuous veno-venous hemodialysis machine 
(CVVHD) into the VA-ECMO circuit [15–19].

1.4 LV distension

The Achilles heel of VA-ECMO is LV distension. The LV distension occurs when 
LV is unable to eject the blood returning to it. Sources for blood return to the LV 
are aortic regurgitation, Thebesian and bronchial veins draining in the left atrium, 
and systemic venous return that is not captured by the ECMO venous cannula. 
Uncaptured systemic venous return is the most significant source of LV blood flow, 
and it is directly proportional to RV function. Due to the lack of reservoir and longer 
and thinner peripheral venous cannulas with higher impedance, a significant amount 
of blood escapes drainage. To eject the blood, LV must have enough contractile func-
tion to overcome afterload due to retrograde flow of blood toward aortic valve at a 
higher pressure. If LV is severely dysfunctional, it may be unable to generate enough 
pressure and aortic valve may remain closed throughout cardiac cycle. This leads 
to increased LV wall stress, and myocardial oxygen demands as well as the stasis of 
blood in the aortic root with a potential risk of thrombus formation. Also, elevated 
LVEDP may result in pulmonary edema, pulmonary hemorrhage, systemic, cerebral, 
and myocardial hypoxia. The risk of LV and aortic thrombus formation is higher with 
peripheral cannulation due to a larger column of aortic root blood stasis and carries 
the risk of embolization down the coronary arteries, head vessels, or body. Therefore, 
it is important to vent the LV during VA-ECMO in patients with noncompliant LV and 
a competent mitral valve [20].

Figure 1. 
Various cannulation sites for venoarterial extracorporeal membrane oxygenator.
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1.5 Diagnosis

In a patient on VA-ECMO, a dilated and hypocontractile LV with or without severe 
MR, stagnation of blood on echocardiography, pulmonary artery diastolic pressure 
>25 mmHg, and an elevated PCWP on Swan-Ganz catheter monitoring are sufficient 
to diagnose LV distension [19].

1.6 Indications for LV venting and unloading

On ECMO, indicators of good LV decompression are AV opening with every beat, sys-
temic arterial pulse pressure >10 mmHg, and low PCWP. As the initial therapy inotropes, 
vasopressors, diuretics, and CVVHD to aid with managing volume status should be tried. 
Additionally, ECMO flows should be titrated to the lowest acceptable level to reduce the 
LV afterload. If medical management fails, one should consider LV venting [21].

Percutaneous transvenous atrial septostomy can be created under fluoroscopic 
and echocardiographic guidance in the catheterization lab to vent the LV. However, LV 
decompression through atrial septostomy is limited and dependent upon associated MR.

1.7 Percutaneous devices for LV unloading

LV can be unloaded by percutaneous devices like intra-aortic balloon pump 
(IABP) Impella, and TandemHeart. Impella is more robust device for LV unloading, 
and it also improves systemic perfusion. Impella is particularly important in patients 
with severely reduced LV contractility [22]. In our institute, we institute both arte-
rial cannula and Impella 5.5 through AxA over Y chimney graft and venous cannula 
through IJV. Advantages of our technique are ambulation and weaning and ECMO 
decannulation with oversewing the Y limb of the graft can be done under local 
anesthesia and sedation.

1.8 Open surgical and minimally invasive LV unloading

LV unloading can be done by a surgically placed vent into the LV via the right 
superior pulmonary vein or via LV apex. In nonpost-cardiotomy patients, a surgical 
vent can still be placed into the LV apex via a left anterolateral thoracotomy and sliced 
into the venous limb of the ECMO cannula. Compared to ECpella, this approach per-
fuses the oxygenated blood into the aortic root, brain, and upper body and it unloads 
both the RV and LV more efficiently [19, 23].

In a patient with VA-ECMO with LV venting, patient must have a right radial 
arterial line for oxygenation monitoring, and a Swan-Ganz catheter in place to check 
mixed venous saturation, PCWP, and PAP. Daily chest X-rays should be obtained 
to assess degree of pulmonary edema, Impella position, and ECMO venous cannula 
position. Echocardiography should be performed to ensure the Impella position and 
LV decompression [19].

1.9 Results

Studies by Patel et al., Tepper et al., and Pappalardo et al. have shown improved 
survival in patients supported with ECpella with reduced all cause 30-day mortality 
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compared to patients supported with VA-ECMO with inotropes or surgical LV 
venting. The studies attributed this improved survival to Impella as Impella was 
an effective means of LV unloading and prevented worsened pulmonary edema. 
Furthermore, the ECpella patients had a higher rate of successful bridging to either 
further recovery or further therapy [24–26].

1.10 Complications of VA-ECMO

Major complications are bleeding and thromboembolism (Figure 2).

1.10.1 Bleeding

Bleeding occurs in 30–50% of patients on VA-ECMO primarily due to anticoagula-
tion and platelet dysfunction. Bleeding may occur at the cannulation site or into the 
body cavities (e.g., brain, abdomen, pleural and pericardial space) and may require 
surgical exploration to achieve hemostasis

1.10.2 Thrombosis and thromboembolism

Systemic thromboembolism may occur due to thrombus formation in the arterial 
side of VA-ECMO circuit and has devastating consequences. Venous thrombosis may 
develop at the cannulation site with the development of deep venous thrombosis and 
pulmonary embolism. Arterial thrombosis may lead to limb ischemia and gangrene. 
To prevent complications, circuit should be regularly inspected for signs of clot 

Figure 2. 
Complications of VA-ECMO.
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formation at the connectors site, tubing, and oxygenator, and monitoring the pressure 
gradient across the oxygenator. A sudden change in the pressure gradient suggests the 
development of thrombus. Large or mobile clots require immediate circuit or compo-
nent exchange.

1.10.3 Neurological

The incidence of neurologic injury varies from 10% in adult respiratory failure 
patients to 50% in patients with ECPR. The types of neurological injury included 
coma, encephalopathy, anoxic brain injury, stroke, brain death, and myoclonus.

1.10.4 Cannulation-related

These complications are uncommon (<5%) and include vessel perforation with 
hemorrhage, arterial dissection, distal ischemia, and incorrect location (e.g., venous 
cannula within the artery).

1.10.5 Heparin-induced thrombocytopenia

Heparin-induced thrombocytopenia (HIT) can occur in patients receiving ECMO. 
When HIT is proven, the heparin infusion should be replaced by a nonheparin antico-
agulant. We favor switching to bivalirudin in our institute.

1.11 VA ECMO-specific complications

• Pulmonary edema and hemorrhage, aortic root, and LV thrombus occur in 
patients who develop LV distension and stasis of blood in the LV and aortic root 
during VA ECMO. It is treated by venting the LA or LV.

• Coronary or cerebral hypoxia: Patients with good ventricular function and 
associated pulmonary pathology may develop coronary and cerebral hypoxia 
due to selective perfusion of the heart, brain, and upper extremities by LV blood. 
Condition is managed by infusing oxygenated blood into the right atrium (called 
VA-V ECMO).

1.12 Contraindication to VA-ECMO

For severe PAD (percutaneous only) and moderate or severe aortic regurgita-
tion, although ECMO provides the highest level of support, it can lead to significant 
complications including pump thrombosis, bleeding, ischemic limbs, and Harlequin 
syndrome.

2. ECMO in cardiac arrest

Cardiac arrest is defined as the sudden cessation of cardiac activity as the victim 
is unresponsive, has no circulation, and is unable to breathe. The sudden cessation 
of cardiac activity may result in the death of the victim if not identified and treated 
quickly. It is a major public health hazard that impacts an estimated 356,500 people 
out of hospital and 209,000 people in the hospitals each year. An acute coronary 
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syndrome is the most common cause of CA. Other common causes include pulmo-
nary embolism, dyskalemia, acute respiratory failure, hypovolemia, sepsis, and poi-
soning [27]. Cardiac arrest can occur in hospital (IHCA) or outside hospital (OHCA). 
In a person with OHCA, cardiopulmonary resuscitation (CPR) should be initiated 
immediately. Mass public awareness, basic life support (BLS) training for general 
population, widespread availability of defibrillators, rapid response paramedic teams, 
and in-hospital CPR response teams, development of protocols for effective CPR have 
led to early and effective institution of CPR in patients with both OHCA and IHCA, 
especially in the developed countries; however, outcome remains dismal with <10% 
survival. The most important reason for high mortality after CA is the prolonged 
absence of blood flow to the brain and other vital organs leading to anoxic brain 
injury and irreversible damage to the other organs.

Till two decades back, conventional CPR (CCPR) including both basic life support 
and advanced cardiac life support (ACLS) was the best treatment plan for patient 
with CA as it would give them the best chance of survival. The purpose of doing 
CCPR in a patient with CA is to maintain the cerebral and coronary perfusion till 
the heart recovers its rhythm and contractility as the absence of cerebral blood flow 
for more than 3–5 minutes results in severe irreversible anoxic brain injury [28]. 
Studies have shown that despite effective CCPR, cerebral blood flow is only 30–40% 
of the resting blood flows [29]. Also, cardiac recovery with CCPR remains poor as it 
is unable to unload the distended LV. The distension of the heart after CA results in 
stretching of myofibrils beyond the physiological Frank-Starling limits. The myocar-
dial stretching not only results in myocardial stunning but also myofibrils are unable 
to return to their normal resting tone unless the ventricle is empty. Therefore, despite 
effective BLS and ACLS, 30-day survival for a patient with OHCA is only 8–10.7%, 
while for IHCA the survival rate is 17–28% [30–32]. This high mortality rate led to 
develop new ways to treat people with CA. One of the techniques that have been 
developed is combining CPR with ECMO, which is known as extracorporeal cardio-
pulmonary resuscitation (ECPR) [33].

After the publication of few case reports about the successful use of ECMO in 
patients with in-hospital CA in 2008, there was renewed interest in use of ECMO 
in patients with out-of-hospital cardiac arrest (OHCA). Still, the use of ECMO on 
patients with OHCA in the United States is scarce (0.69% patients in 2014) with 
variable but encouraging survival (6–56%) [34–37]. A systematic review of 25 studies 
including patients with OHCA and IHCA showed quite variable and inconsistent 
outcomes with the use of ECPR. However, results of ECPR were consistently better in 
IHCA. This is due to difficulty in initiation of ECMO in the field. Therefore, patients 
with OHCA should be rapidly transported to the hospital and during transport, an 
automated external defibrillator (AED) should be used for automated cardioversion. 
Once patients arrive at the hospital, AED should be removed and ECMO is placed and 
initiated. Further study is needed to determine the effectiveness of the process and 
the survival rate [38].

3. Extracorporeal cardiopulmonary resuscitation

Extracorporeal cardiopulmonary resuscitation is an alternative method of 
providing cardiopulmonary resuscitation by using the ECMO device combined with 
CCPR in patients with CA and CS [39, 40]. ECMO takes over the function of the 
heart and lungs, and maintains the organ perfusion while allowing the time for heart 
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and lung to recover and buy some time to investigate the cause of acute deteriora-
tion, to assess and treat underlying pathology to prolong the survival while minimiz-
ing complications. However, ECPR is a complex labor-intensive intervention that 
requires a highly trained team, specialized equipment, and multidisciplinary sup-
port within a healthcare system, and it has the risk of life-threatening complications 
including vessel rupture, bleeding, and thromboembolism. Therefore, physicians 
should carefully select patients for ECPR who can gain the most benefit, instead of 
applying ECPR indiscriminately.

4. Patient selection for ECPR

ECPR is a final effort employed in a patient with a deep circulatory shock after CA 
that is refractory to all standard treatments, and no further intervention will assur-
edly lead to the patient’s demise. ECMO is brought in this scenario to assist with shock 
state while dithering to elucidate the cause of CA and later allows reversal if possible 
[41]. The American heart association guidelines advised that ECPR should be insti-
tuted in a patient if ECMO is rapidly available and deployable within a facility, patient 
has a brief duration from collapse, and the underlying condition is reversible [42]. As 
ECPR is a complex technique that requires an experienced and well-trained para-
medic team, careful precision, teamwork, and coordinated efforts of a lot of persons 
to institute ECMO with ongoing, patients with CA should be carefully selected who 
can potentially benefit from ECPR [43].

In patient with OHCA, prognostic factors associated with better survival and 
neurological outcome are patient age <70 years, shorter duration of low flow, a sustained 
shockable rhythm, effective CPR with a target end-tidal carbon dioxide (EtCO2) > 
10 mmHg during resuscitation, lower lactate level, higher pH, and lower SOFA score 
[44]. While these all criteria increase the likelihood of a favorable outcome, there are 
no universal selection criteria. Although there are no clearly defined indications, most 

Positive Negative

Age < 75 years old Age > 75 years old

Initial shockable rhythm
Pulseless VT/VF
CA due to or resulting 
in VF

Non shockable rhythm

No ROSC within 
15 mins of ACLS

CPR > 20 mins when the heart is in asystole (exceptions: hypothermia, drowning, 
and suspected pulmonary embolism) or VF/VT with ≥120 beats/min

CA due to reversible 
causes

CA due to Trauma or unamenable cause

High-quality CPR 
(ETCO2 ≥10 mm Hg)

Low-quality CPR (ETCO2 <10 mm Hg)
Severely acidosis (pH < 6.8) or elevated lactate (≥20 mmol/L)
Irreversible brain damage or poor neurological prognosis
Severe comorbidity that would prevent independent life
DNR/DNI or no consent given

VT = ventricular tachycardia, VF = ventricular fibrillation, ROSC = return of spontaneous circulation, DNR/DNI = 
do not resuscitate or intubate, CA = cardiac arrest, ETCO2 = end tidal carbon dioxide.

Table 2. 
Positive and negative predictors of ECPR.
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centers perform ECPR for young patients with an initial shockable rhythm or presumed 
correctable cause and those with a witnessed collapse and bystander CPR without ROSC 
within 10–20 minutes of CCPR. In patients with IHCA, ECPR is useful in patients with 
CA in the cardiac surgical ICU, medical cardiac ICU, cardiac catheterization laboratory, 
and CA before or after cardiac surgery or intervention. When a cardiac diagnosis is irre-
versible pathology, cardiac replacement therapy, such as heart transplantation or artifi-
cial heart, should be considered [45, 46]. Poor prognostic factors after ECPR are patients 
with poor physical activity levels such as those confined to bed; severe permanent 
neurologic injury; noncardiopulmonary cause of arrest, such as severe sepsis; prolonged 
CCPR without ROSC; inadequate ACLS, such as failed advanced airway or ineffective 
chest compression due to severe hypovolemia or unfavorable chest wall anatomy (e.g., 
aortic rupture or severe pectus excavatum); and pre-existing severe multiple organ 
failure. However, no single one can be considered an absolute contraindication for ECPR; 
the physician in charge of a patient’s care should discuss resuscitation with leaders of the 
CPR and ECLS teams if the situation arises. Prognostic factors can be broken down into 
positive/negative factors influencing outcomes explained in Table 2 [46].

5. Implementation of ECPR

Institution of ECMO in adult patient with CA is challenging and should be 
performed by an expert specialized in percutaneous ECMO cannulation [47, 48]. 
Cannulation can be done in various locations including femoral vessel, internal 
Jugular vein (IJV)-femoral artery, femoral vein-subclavian artery, or IJV-subclavian 
artery [49]. The femoral vessels are most common and most appropriate for can-
nulation as it is easiest to locate the femoral vessels blindly with the pulse guidance, 
under Doppler ultrasound guidance as well as surgically even in the absence of pulse 
and also with ongoing CPR as groins are away from site of resuscitation and more 

Figure 3. 
Cannulation technique in ECPR.
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space is available to work compared to subclavian artery and axillary arteries that are 
very close to the site of CPR and always crowded. Percutaneous technique is easier 
and quicker and does not require surgical skills. However, percutaneous technique 
is fraught with the risk of inability to puncture or cannulate the vessel [50]. With 
open surgical cannulation, it is easier to locate and cannulate the vessel of interest, 
but it significantly impacts procedure time [51]. Further, availability of cardiac or 
vascular surgeons for the exposure of femoral vessels and need for appropriate setup 
and instruments are additional hurdles for open surgical cannulation. Although, in 
pediatric patients with ECPR, open surgical cannulation of carotid artery and internal 
Jugular vein is the standard of care, in adults with CA, percutaneous cannulation of 
femoral vessels is preferred as time is the essence. But, if this fails, then an open surgi-
cal technique must be used [52]. In ECPR, selection of appropriate size cannulas is 
especially important as the size of cannula determines how efficiently the ECPR will 
work. The largest possible venous and arterial cannula appropriate to provide >2.5 L/
m2 flow with injuring the vessels should be selected. For an adult patient, 23–25 Fr 
venous drainage cannula and 17–19 Fr. arterial cannula are sufficient for adequate 
flow [41, 53]. The venous cannula is extended up to the right atrium or inferior vena 
cava and right atrial junction, and the arterial cannula is brought to the descending 
thoracic aorta (Figure 3).

6. Steps of institution of ECPR

With continued CPR, femoral artery and vein are cannulated percutaneously. 
After proper timeout, cannulas are connected to ECMO circuit and ECMO is initi-
ated. After the achievement of adequate ECMO flows, CPR is stopped. Mild therapeu-
tic hypothermia is achieved for 24–48 hours by cooling the patient to 33–34°C through 
integrated heat exchanger in the ECMO circuit. Permissive hypothermia reduces the 
tissue metabolism including cerebral metabolism, giving a better chance of survival 
of the patient, and reducing the progressive cerebral injury [54–56]. The patient is 

Figure 4. 
Steps of institution of ECPR.
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connected to the ventilator to reduce the work of breathing. IV heparin is infused 
for anticoagulation and routine arterial blood gas (ABGs) and lactate monitoring 
are done to measure the success of ECMO, and mean arterial pressure (MAP) is 
aimed at 70 mmHg. As soon as a patient is stabilized on ECPR, he should be wheeled 
to the cath lab for angiography for coronary angiography with or without stenting. 
To prevent the ischemia in the limb with arterial cannula, 6–7 Fr, arterial cannula is 
inserted distally and sliced into the arterial cannula allowing perfusion of the distal 
limb. However, insertion of distal limb perfusion cannula may be extremely chal-
lenging in patients with peripheral vascular disease, profound shock with collapsed 
and constricted arteries, or obesity. The alternative in such patients may be to use 
retrograde limb perfusion through dorsalis pedis, anterior tibial, or posterior tibial 
artery. Reports have shown favorable results with retrograde limb perfusion with 
decreased incidence of leg ischemia and fasciotomy [57, 58]. In patients with small 
femoral vessels, an alternate technique may be to insert 12 Fr or 14 Fr bilateral femoral 
arterial cannula instead of a single 17 Fr or 19 Fr arterial cannula. The steps of ECPR 
are shown in Figure 4.

7. Complications of ECPR

ECPR, like other forms of ECLS, is used as a potential lifesaving approach. But it 
has the potential for adverse consequences ranging from minor to fatal complications. 
Observational studies show that 1 in 4 patients ends up having complications [59]. 
Complications include limb ischemia, vascular damage leading to inability to the cannu-
late the vessel or profound intracorporeal or extracorporeal bleeding, tamponade, fail-
ure to maintain adequate ECMO flow resulting in inadequate support, and intracranial 
hemorrhage with grave consequences and dismal survival. Other issues such as multiple 
organ failure, sepsis, and hypoxic brain injury (cerebral stroke or cerebral stroke and 
hemorrhage, coma, diffuse anoxic brain injury, and brain death) can also occur in the 
absence of adequate perfusion of the organs with oxygenated blood [50, 60].

8. Results

8.1 In-hospital cardiac arrest

Patients who have IHCA are usually witnessed and have high likelihood of a good 
outcome with CCPR. A considerable proportion of these patients are candidates for 
ECPR. However, of all patients who had an in-hospital cardiac arrest (IHCA), only 
less than 1% were treated with ECPR in the United States [61]. With widespread 
availability and increasing familiarity of physician with ECMO, ECPR is gradually 
increasing in the past 20 years in a hospital setting. Encouraging results of ECPR 
for IHCA lead to renewed interest in research in this field with the development of 
automated CPR tools, percutaneous cannula, and localization of vessels under ultra-
sound guidance. Even with this limited research, there have been promising results 
of ECPR on patients who had IHCA with survival rates between 17 and 28% [31, 32]. 
These survival rates have led to great optimism in ECPR as a treatment for CA. Chen 
et al. conducted a 3-year prospective observational study using ECLS. The inclusion 
criteria were patients aged 18–75 years old who had an IHCA of cardiac origin having 
CPR >10 min compared to patients with CCPR. The prognostic factors in both groups 
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were balanced by propensity score resulting in a comparable cohort, 113 with CCPR, 
and 59 in the ECPR group. Patients with ECPR had superior 1-year survival and 
survival to discharge rate, which was also the primary endpoint [62]. Shin et al. from 
Korea conducted a single-center, retrospective observational study from January 2003 
to June 2009. A total of 406 patients had IHCA, broken down into a population get-
ting CCPR (n = 321) vs. ECPR (n = 85). Propensity matching was used to balance the 
groups, and discharge with minimal neurologic impairment was used as the primary 
endpoint. ECPR group was superior in the primary endpoint. In addition, survival 
rates at 6-month survival were statistically significant in ECPR group [63].

8.2 Out-of-hospital cardiac arrest

Encouraging results with IABP in patients with coronary artery disease, car-
diogenic shock, and postcardiotomy shock led to use of IABP for resuscitation of 
patients with CA. However, subsequent studies performed to review the results of 
IABP in patients with CA failed to show any survival benefit [64]. In a study by Iqbal 
et al. comparing the effects of IABP in patients with CA (55 patients with IABP vs. 
174 without IABP), authors found no difference in favorable functional status at 
discharge (49.1% in IAPB group vs. 57.1% in without IABP group) and mortality rate 
at one year (45.5% in IABP group vs. 35.5% in without IABP group) [65]. In a random-
ized clinical trial by Firduas et al. including 60 patients with CA due to acute coronary 
syndrome patients (ACS) (30 patients received IABP after CA vs. 30 patients without 
IABP), there was no difference between the groups in terms of hospital mortality, 
hospital stay, cell death marker, or improvement in lactate clearance [66].

8.3 Comparison between in-hospital and out-of-hospital cardiac arrest

The length of CA, which is more relevant than the site of CA, is an important 
variable for the disparity in outcomes. IHCA patients are more likely to witnessed 
with a shorter time to initiate BLS and ACLS and a shorter period until the initiation 
of ECMO, as well as that their comorbidities are known to the treating physician, 
implying a bias in the choice to implant an ECMO. The key element in determining 
the success of ECPR in a patient with CA is the amount of time elapsed between the 
occurrence of the CA and initiation of ECMO. In most cases, IHCA would have a 
shorter time in achieving the ECMO flow as the tools and equipment are more readily 
available than OHCA. Still, survival to discharge in patients managed with ECPR for 
OHCA was reported to be significantly higher compared to patients managed with 
CCPR (56.9% vs. 43.1%, respectively; OR: 1.16, 95% CI: 1.11–1.21, p < 0.001) [67, 68]. 
The CHEER trial (mechanical CPR, Hypothermia, ECMO, and Early Reperfusion), a 
single center, prospective, observational study done in The Alfred Hospital Australia, 
included 24 patients with IHCA and OHCA who were eventually put on ECMO. ROSC 
was seen in all the patients, and more than half could be taken off ECMO, eventually 
making the survival rate above fifty percent. Neurological recovery was seen in over 
half of the patients who were discharged from the hospital in similar numbers [54]. 
Another retrospective review from Canada by Sun et al. in patients who received 
ECMO for cardiac arrest (8 IHCA, 1 OHCA) or cardiogenic shock (13 patients) 
from April 2009 to July 2015 at Vancouver General Hospital in Canada reported that 
ECMO was successfully weaned off in 18 patients and 16 could be discharged. Fifteen 
patients had satisfactory neurological outcomes [69]. Aforesaid studies demonstrate 
that in appropriately selected patients, ECPR provides survival benefits and more 
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positive neurological outcomes. In a meta-analysis including 2260 patients from 
six studies comparing ECPR or CCPR in patients with CA since 2000, Wang et al. 
reviewed the survival rates and neurological outcomes at discharge and at 3–6 months 
as well as 1 year after CA. The survival rate to discharge (RR 2.37, 95% CI 1.63–3.45, 
P < 0.001) and good long-term neurological outcome (RR 2.79, 95% CI 1.96–3.97,  
P < 0.001) were significantly better in ECPR group. In subgroup analysis, survival 
to discharge was significantly better with ECPR over CCPR in OHCA patients (RR 
2.69, 95% CI 1.48–4.91, P = 0.001), while no significant difference was found in IHCA 
patients (RR 1.84, 95% CI 0.91–3.73, P = 0.09). The patient’s survival rate to discharge 
was 25.5% in patients who received ECPR, and 19.4% of them had good long-term 
neurological outcomes [70]. Authors concluded that with the availability of facilities 
using ECPR for IHCA, more patients would survive and have an active life with little 
neurological deficiency.

8.4 Limitations

ECPR remains a niche procedure that requires trained staff and resources, both of 
which are only available in tertiary centers with vital ECMO programs. Another prob-
lem is deciding which patients should receive ECPR, as the etiology alone is insuf-
ficient to foretell survival using ECPR. More multi-institutional studies are necessary 
to develop better guidelines for ECPR [71]. Presently, ECPR use is mainly limited to 
the pediatric population as most of the etiology is linked to congenital pathologies 
and may see better outcomes if ECMO buys enough time for recovery from postcardi-
otomy myocardial stunning, a transplant, or corrective procedure [72, 73].

9. Conclusion

Over the last several decades, healthcare results for this demographic procedure 
have improved significantly due to increased expertise and experience in patient care. 
ECMO remains an invaluable tool in the armamentarium of cardiac surgery, and its 
use combined with CPR has promising results, but it is hindered by nonavailability 
and high capital usage from the hospital. ECPR must be judicially used in the context 
of CA as every case will not lead to successful resuscitation. Surgical and medical 
management of CA patients continues to be difficult. Despite gains, various learning 
opportunities remain as we try to make even more progress.

9.1  Role of ECMO in cardiogenic shock due to acute myocardial infarction  
and nonacute myocardial infarction cardiogenic shock

Acute myocardial infarction (AMI) remains the leading cause of CS. However, 
non-AMI-related CS is on the rise. Etiologies of cardiogenic shock are enumerated 
in Table 3 [74]. The management and response to the intervention vary based on 
etiology. Despite optimal management, CS continues to be associated with significant 
morbidity and 30–60% mortality [75]. Various AMCS devices that are available for 
the management of these patients are IABP, Impella, Protec Duo cannula, CentriMag 
pump, TandemHeart, and VA-ECMO to provide left- and/or right-heart support [76]. 
Among all AMCS devices, IABP remains the most widely used, although the use of 
other more robust devices is increasing [76–78]. Among all the available devices, 
ECMO provides the highest level of cardiopulmonary support.
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In the subsequent sections, we will discuss the role of ECMO in CS due to AMI 
(AMICS) and in the subsequent section, we will discuss the role of ECMO in non-
AMI CS including septic shock.

9.2 Role of ECMO in post-acute myocardial infarction cardiogenic shock

Shock is a condition of cellular and tissue hypoxia due to decreased oxygen deliv-
ery, increased oxygen demand, or inefficient oxygen utilization, or a combination 
of these [79]. Acute shock is reversible for a short duration, but it quickly becomes 
irreversible, leading to multi-organ failure (MOF) and death [80]. Cardiogenic shock 
(CS) occurs due to cardiac pump failure and defined as a primary cardiac disorder 
that results in both clinical and biochemical evidences of tissue hypoperfusion includ-
ing altered mental status, oliguria, and respiratory failure. Clinical criteria include 
systolic blood pressure (SBP) ≤90 mmHg for ≥30 minutes or need for support to 
maintain systolic blood pressure ≥90 mmHg and urine output less ≤ 30 mL/h or cool 
extremities. Hemodynamic criteria include a depressed cardiac index (≤2.2 L/min/m2 

Acute myocardial infarction

Mechanical complications related to acute myocardial infarction

• Ventricular septal defect

• Ischemic mitral regurgitation

Acute on chronic heart failure

Acute right ventricular failure

• Right ventricular myocardial infarction

• Right ventricular failure after left ventricular assist device

Acute myocarditis

Refractory cardiac arrest

Refractory arrhythmias

Post-cardiotomy shock

Severe valvular heart disease

Post-heart transplant primary graft dysfunction

Stress cardiomyopathy (Takotsubo cardiomyopathy)

Peripartum cardiomyopathy

Cardiac trauma with or without cardiac tamponade

Acute pulmonary embolism

Severe pulmonary hypertension

Drug intoxication

High-risk interventions

• Percutaneous coronary intervention

• Ventricular tachycardia ablation

Septic shock

Table 3. 
Potential indications for acute mechanical circulatory support device in cardiogenic shock.
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of body surface area) and an elevated pulmonary-capillary wedge pressure (PCWP) 
>15 mmHg [81, 82].

Acute myocardial infarction complicated by cardiogenic shock (AMICS) is a griev-
ous condition associated with significant morbidity and mortality. In several obser-
vational studies in patients with AMI, conservative therapy has >80% mortality [83]. 
Despite primary percutaneous intervention (PCI) with coronary artery angioplasty 
has significantly improved the survival and has become standard of care for the man-
agement of AMI, no definitive management is available for the patients with AMICS 
[84]. In patients with AMI, 3–10% patients develop CS. Emergency revascularization 
does not significantly reduce 30-day mortality but significantly improves the six-
month survival and long-term outcome in patients with AMICS [83]. In patients with 
AMICS, mortality rate is 30–50% with primary PCI and >80% in patients without 
primary PCI [85–87].

Acute myocardial infarction due to acute myocardial ischemia results in severe sys-
tolic and diastolic dysfunction of the heart with elevation in left ventricular end-dia-
stolic pressure (LVEDP), PCWP, pulmonary edema, decrease in stroke volume, and 
low cardiac output [88]. Therefore, the aim of treating AMICS patients is to alleviate 
myocardial ischemia, reduce ventricular loading, support cardiac and respiratory 
function, and improve end-organ perfusion [89].

Given the high early mortality rate associated with AMICS despite revascular-
ization therapies, physicians have sought out other therapies to improve results. 
Advancement in the technology has expanded the availability of acute mechanical 
circulatory support (AMCS) devices such as intra-aortic balloon pump (IABP), 
Impella, and ECMO. IABP was the earliest available AMCS device. Positive impact 
in improving coronary and systemic perfusion and reducing the myocardial oxygen 
demand in the setting of heart failure reported in various animal and human studies 
in the late 1990s and early 2000s led to widespread use of IABP in patients with AMI 
[90, 91]. The SHOCK (Should We Emergently Revascularize Occluded Coronaries 
for Cardiogenic Shock) registry also showed >15% reduction in in-hospital mortal-
ity with use of IABP in patients with AMI who underwent thrombolysis (46.5% 
in thrombolysis and IABP vs. 62.9% in thrombolysis alone, P < 0.005). However, 
when the SHOCK Trial and Registry established the significant impact of early 
revascularization with percutaneous coronary intervention (PCI) or coronary artery 
bypass grafting (CABG) on the survival in patients with AMI, use of IABP went 
into disrepute [83, 92]. Subsequent IABP-SHOCK II (Intra-aortic Balloon Support 
for Myocardial Infarction with Cardiogenic Shock) trial in 2012 that included 600 
patients failed to demonstrate any benefit of IABP over medical therapy alone imme-
diately prior to coronary revascularization in terms of reduced 30-day mortality, 
achieving hemodynamic stability, ICU stay, organ perfusion, dose of catecholamine, 
rate of stroke, bleeding, peripheral ischemic complications, recurrent AMI, and stent 
thrombosis [93]. Further 12-month and 6-year follow-ups of SHOCK-IABP II trial 
patients also did not show any mortality benefit [94, 95]. All of these led to down-
gradation of IABP use in patients with AMI-CS to class IIIB in the European Society 
of Cardiology and class IIb recommendation in the American College of Cardiology/
American Heart Association guidelines [96, 97]. Subsequently, use of other AMCS 
devices has increased for the management of AMICS. In last decade, Impella has 
become the most commonly used device after IABP in patients with AMICS with LV 
dysfunction for periprocedural management. However, in patients with biventricular 
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failure, associated respiratory distress or acute respiratory distress syndrome (ARDS), 
and mechanical complications of AMI such as mitral regurgitation or ventricular 
septal defect, ECMO is preferred over other devices. In resource-limited countries 
where other AMCS devices are not available apart from IABP and ECMO, ECMO can 
be used for periprocedural management. Further, ECMO is the only AMCS device 
that provides complete cardiopulmonary support and improves end-organ perfusion. 
Studies have also supported the role of ECMO in the management of AMICS patients. 
A study by Sheu et al. including patients with AMICS who underwent primary 
PCI without the ECMO (115 patients) and primary PCI with ECMO (219 patients) 
found significantly reduced 30-day mortality (30.1% for ECMO group vs. 41.7% for 
non-ECMO group) with the use of ECMO [98]. Another study by Tsao et al. also 
evaluated the role of ECMO in patients with AMICS and managed with primary PCI. 
The first group managed with IABP (25 patients), and the second group managed 
with ECMO (33 patients). Baseline characteristics and disease severity including age, 
gender, coronary risk factors, TIMI risk scores for STEMI and NSTEMI, euro SCORE, 
APACHE score, and SYNTAX score (including the number of coronary vessels that 
were involved) were comparable in both the groups. Patients in the ECMO group had 
significantly increased survival compared to IABP group (44% in IABP group vs. 
81.82% in ECMO group), and this trend continued through the 1-year follow-up (sur-
vival in IABP group 24% vs. survival in ECMO group 63.64%) [99]. A retrospective 
single-center study done by Esper et al. included 18 patients who received VA-ECMO 
for AMICS, after the revascularization therapy. ECMO run lasted for an average of 
3.2 ± 2.5 days with a mean hospital stay of 23.4 days, and 67% of patients survived to 
discharge [100].

Another study by Negi et al. included 15 patients with AMI and refractory CS 
who were placed on VA-ECMO. One-third of these patients had OHCA and 60% had 
ST elevated AMI. In 60% of patients, IABP was inserted in addition to VA-ECMO. 
Median duration of VA-ECMO support was 45 hours, and 50% of patients were suc-
cessfully weaned off VA-ECMO. The survival to discharge was 47%, and all survivors 
were alive 30 days after discharge. In total, 53% of patients experienced vascular 
complications [101]. Another observational study by Vallabhajosyula et al. utilizing 
the National Inpatient Sample database also reported 40.8% survival with use of 
VA-ECMO in patients with AMICS. The study analyzed 2962 patients over a period 
of 14 years. There was a notable trend toward improving survival over the course 
of time, and 12% of patients were bridged to a left ventricular assist device (LVAD) 
or heart transplantation [102]. A systematic review of nine studies of patients with 
acute myocardial infection-induced cardiac shock concluded that using venoarterial 
extracorporeal membrane oxygenation provides temporary support has more benefits 
compared to standards of care and can assure a higher survival rate [103].

Although various retrospective observational studies support the role of ECMO in 
the management of patients with AMICS, there have been no randomized controlled 
trials (RCTs) assessing the use of ECMO in AMICS. Currently, two European RCTs, 
EURO-SHOCK, and ECLS-SHOCK, are enrolling the patients. EURO-SHOCK will 
randomly assign 428 patients to ECMO or conventional therapy and evaluate 30-day 
mortality as the primary result; the study is anticipated to conclude in February 2024 
[104]. ECLS SHOCK will also randomize 420 patients with AMICS undergoing revas-
cularization to ECMO or medical treatment alone. The primary outcome is 30-day 
mortality, and the trial is anticipated to conclude in August 2023 [105].



Management of Shock - Recent Advances

68

9.3 Role of ECMO in nonacute myocardial infarction cardiogenic shock

Patients with acute heart failure (HF) who present in CS have high mortality. 
Conventional HF therapies including optimal medical management, inotropes, 
vasopressors, and IABP are the initial line of management. However, patients who 
fail to respond to medical management may benefit from VA-ECMO. It is indicated in 
patients with medically refractory CS and in patients at high risk of cardiogenic shock 
as determined by scoring systems such as CardShock risk score and IABP-SHOCK II 
risk scores. ECMO is also AMCS of choice in patients with CS who have biventricular 
failure, respiratory failure, life-threatening arrhythmias, or cardiac arrest. There is 
often an overlap between indications for ECMO and AMCS devices. However, patients 
with CS who have associated respiratory failure are best managed by ECMO [106, 107]. 
The outcome of ECMO in patients with HF varies significantly depending on the etiol-
ogy. The survival after hospital discharge for patients managed with ECMO is 71.9% for 
myocarditis [108], 74.3% for patients with primary graft failure post-heart transplant 
[109], and 42% one-year survival for patients with acute decompensation of chronic 
cardiomyopathy. However, patients aged >75 years, patients with severe neurological 
injury, multiple organ failure, and multiple comorbidities are risk factors for adverse 
outcomes. Dangers et al. also reported poor outcomes of ECMO in patients with SOFA 
scores >13 prior to ECMO cannulation [110].

The role of ECMO in these patients varies depending upon the etiology and can 
be a bridge to recovery, bridge to transplant, bridge to left ventricular assist device 
(VAD), or bridge to decision [111].

1. Bridge to recovery (BTR): ECMO weaning rates are reported as 75.5% in patients 
with acute myocarditis, 87% for patients with primary graft failure after heart 
transplant, and 55% for AMICS. In most cases, recovery occurs within a week, 
and if recovery does not occur, the strategy must be changed to bridge to bridge 
(BTB) or Bridge to transplant (BTT) [108, 109, 112].

2. Bridge to bridge (BTB): Patients with CS due to acute on chronic heart failure 
are often bridged to durable VAD (the durable VAD itself may serve as bridge 
to transplantation). It is important to make the decision early to bridge to 
VAD after patient stabilizes on ECMO if there is no recovery of cardiac 
function [113, 114].

3. Bridge to transplant (BTT): With the availability of other robust percutane-
ous AMCS devices, it has become rare to use ECMO as a bridge to transplant, 
especially in adult patients as other AMCS devices are easier to manage and 
can be kept for longer duration without significant complications compared 
to ECMO.

4. Bridge to decision: Patients having acute decompensation with CS, especially 
with unknown neurological status, can be acutely managed with ECMO. This 
provides sufficient time for evaluation, intervention, and decision for further 
management while the heart and rest of the body are supported with ECMO. The 
decision of further management can be taken based on the recovery of organ 
function and neurological status.
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9.4 Advantages of ECMO in cardiogenic shock

1. Easy and rapid insertion: Time is an essence for a patient rapidly deteriorating 
due to CS. ECMO can be placed rapidly percutaneously with Seldinger technique 
using ultrasound at the patient’s bedside, in the cath lab, in the operating room, 
and in the field. Even nonsurgeon medical personnel can insert an ECMO in the 
prehospital setting without compromising safety [115].

2. Provides complete cardiac support: With flow rates of up to 6 L/min, ECMO can 
completely replace native heart function in patients with profound CS [116].

3. Biventricular support: Almost 38–45% patients with AMICS develop acute RV 
failure and patients with chronic cardiomyopathy, post-cardiotomy also develop 
acute heart failure. Among all the available AMCS devices, only ECMO can 
 provide complete biventricular support [117].

4. Respiratory support: In patients with ARDS with secondary Takotsubo syn-
drome and patients with CS having associated respiratory failure, increased 
pulmonary airway pressure can adversely affect the failing right heart. ECMO 
by providing complete cardiorespiratory support provide an opportunity to keep 
the ventilator at rest setting allowing the lungs to recover without barotrauma 
and preventing the adverse effect of high positive end-expiratory pressure on the 
right ventricle.

5. Effective in life-threatening arrhythmias: Uncontrollable arrhythmias, such as 
incessant ventricular tachycardia (VT storm), can be managed with ECMO by 
reducing myocardial stroke work and improving coronary perfusion, and patient 
can undergo ablation of VT focus in the cath lab on ECMO support [81].

6. Cardiogenic shock complicated by refractory cardiac arrest: CardShock study 
showed that 28% of patients with CS suffer from cardiac arrest. The use of ECMO 
in patients with witnessed refractory CA has been shown to improve survival [118].

7. Portable: Miniaturized ECMO machine is easy to transport on the ground as well 
as air ambulance.

9.5 Disadvantages of ECMO in cardiogenic shock

1. Left ventricular (LV) distension: ECMO drains the blood from the right atrial, but, 
has no direct effect on the left side of the heart. Due to the absence of reservoir, 
smaller size of venous cannula, significantly amount of blood escapes the venous 
drainage and reaches the left heart. Further, blood returning to the left atrium vis. 
Thebesian veins, bronchial veins draining into the pulmonary veins, and blood 
returning to the LV due to aortic regurgitation also reach the left ventricle. Further, 
ECMO increases LV afterload by retrogradely flowing the blood into the ascend-
ing aorta. The heart with severely reduced contractility is unable to overcome this 
afterload, and the aortic valve remains closed. These patients are at risk of left 
ventricular distention, left atrial hypertension, and pulmonary edema [119].
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2. Complications: Due to the large size of arterial and venous cannula, patients are 
at risk of vascular injury and injury to the heart. A meta-analysis reported 40.8% 
incidence of bleeding, 30.4% incidence of infection, 5.8% incidence of stroke, 
and 4.7% incidence of lower limb amputation [60]. The cannulation site is the 
most common site for bleeding [109, 120]. In a Japanese study, use of smaller 
cannula in small caliber vessels was associated with reduced risk of bleeding 
without compromising the outcome [121]. A meta-analysis of 22 cohort studies 
also found that distal perfusion cannulas reduced the limb ischemia by 15.7% 
[122]. Another devastating complication of ECMO is intracranial hemorrhage as 
patients on VA-ECMO are anticoagulated with heparin or bivalirudin. In a large 
study of adult patients with intracranial bleeds after ECMO, low platelets were 
independently associated with an increased risk of bleeding [123]. The risk of 
inter-cranial bleeding increased significantly at platelet counts below 50,000/cc. 
Therefore, it is recommended to maintain the platelet counts ≥100,000/cc while 
a patient is on ECMO [124].

The outcome of ECMO can be improved by using smaller cannula in small ves-
sels, more liberal use of LV venting, routine use of distal limp perfusion cannula, 
and maintaining adequate platelet counts. SAVE and ENCOURAGE score systems, 
which are used in pre-ECMO patient variables to predict outcomes, may help in better 
patient selection for this risky but life-saving intervention [125].

9.6 Sepsis-induced cardiomyopathy and Use of ECMO

Sepsis is a potentially life-threatening condition that occurs due to systemic dys-
regulated inflammation secondary to overwhelming infection, which affects various 
organs [125]. An important complication of severe sepsis is sepsis-induced cardio-
myopathy (SIC), which is reversible depression of myocardium [126]. This occurs 
due to structural damage and dysfunction of the myocardium caused by widespread 
inflammatory cytokine release and mitochondrial dysfunction [127]. There are three 
characteristics of SIC: dilation of the left ventricle (LV), reduced EF (ejection frac-
tion), and reversibility of cardiomyopathy in 7–10 days after the resolution of sepsis 
[128]. With improvement in the understanding of molecular biology, our understand-
ing of SIC has significantly improved in last few decades. Although the use of ECMO 
is increasing in the treatment of various cardiac and noncardiac conditions, it has 
not been treated as standard practice protocol for adult patients with septic shock, 
unlike pediatric and neonatal patients [129–132]. Despite the ECMO has gained wide 
acceptance for the treatment of adult respiratory distress syndrome (ARDS), the 
effectiveness of ECMO in treating septic shock still remains controversial [129, 133]. 
In this section, we will discuss SIC and the viability of ECMO as a treatment option.

9.7 Mechanism of sepsis-induced cardiomyopathy

There are two different mechanisms proposed for the etiopathogenesis of SIC. 
First, based on animal studies, insufficient coronary blood flow is supposed to cause 
myocardial ischemia [134]. Second, due to the surge of chemical mediators such 
as cytokines, endotoxins, and nitric oxide (NO) that are released during the dys-
regulated inflammation may cause SIC. However, in a study done by Cunnion et al, 
measuring coronary blood flow and myocardial metabolism using coronary sinus 
thermodilution catheters in seven patients with septic shock to determine whether 



71

Overview of Venoarterial Extracorporeal Membrane Oxygenation (VA-ECMO) Support…
DOI: http://dx.doi.org/10.5772/intechopen.105838

myocardial depression was associated with reduced coronary flow [135]; the authors 
found that coronary blood flow was similar or higher in the patients with septic shock 
compared to the controls despite the presence of myocardial depression. A recent 
study by Rudiger and Singer has also shown that SIC cannot be attributed to the 
disruption in coronary circulation [128].

The role of chemical mediators has also been studied extensively in the pathophys-
iology of SIC. Studies have implicated the role of endotoxins, interleukin-1β (IL-1β), 
and tumor necrosis factor-alpha (TNF-α) in the pathogenesis of SIC [136–138]. 
Endotoxins induce NO synthase and increase the production and release of NO 
[136]. Similarly, cytokines such as TNF-α and IL-1β also increase the activity of cyclic 
guanosine monophosphate (cGMP) and NO [138]. It has been hypothesized that 
excess NO production causes cardiac dysfunction by reducing the myofibril response 
to calcium, dysfunction of the mitochondria, and downregulation of β-adrenergic 
receptors [128, 139, 140]. Several studies have also suggested that NO overproduction 
and mitochondrial dysfunction may contribute to cardiac dysfunction and mortal-
ity [141–144]. Interestingly, using methylene blue an inhibitor of NO production 
pathway has demonstrated improvement in myocardial depression, maintenance of 
oxygen transportation, and reduction in the requirement for concurrent adrenergic 
support [145].

9.8 Diagnosis, treatment options and use of ECMO

There is a range of tests that are available for diagnosing SIC. These include blood 
tests such as brain natriuretic peptide (BNP) assay and Troponin Assay as well as use 
of echocardiogram to check for ventricular dysfunction. While BNP and troponin I, 
both rise in SIC, their rise is mainly dependent on the severity of illness rather than 
markers for cardiomyopathy [146–148]. The gold standard for the diagnosis of SIC is 
echocardiography. Echocardiogram may show normal or reduced ejection fraction, 
LV diastolic dysfunction, and RV systolic dysfunction, as well as global longitudinal 
strain (GLS) on myocardial speckle tracking [149–152].

9.9  Improved outcome of patients with sepsis-induced cardiomyopathy  
and use of ECMO

While the management of SIC has been previously limited to vasopressors, ino-
tropes, and fluid management, the use of ECMO has recently been explored. A low 
cardiac output due to SIC can impair the organ perfusion and precipitate multi-organ 
failure. Thus, it appears reasonable to identify and restore the cardiac output in these 
patients. Patients deteriorating despite maximal pharmacological support should 
be promptly transitioned to acute mechanical circulatory support (AMCS) device 
including VA-ECMO. Studies have found that VA-ECMO significantly improves the 
survival in patients with SIC with LV dysfunction compared to patients with pre-
served LV function [153, 154].

An important multicenter retrospective study performed by Bréchot et al. and 
published in 2020 investigated the role of VA-ECMO in patients with SIC. In this 
study, 82 patients with a sepsis-induced refractory shock treated with VA-ECMO were 
compared to 130 patients treated with conventional therapy for 90 days. Despite a 
propensity-weighted analysis, survival in the treatment group was higher than that 
in the control group (51% vs. 14%, relative risk for mortality 0.57, p = 0.003). The 
study also concluded that survival with VA-ECMO was better in younger patients and 
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the strong initial protective effect of VA-ECMO waned over time [(0 to 7 days: HR 
0.14; 95% CI: 0.05 to 0.41) vs. (7 to 14 days: HR 0.79; 95% CI: 0.13 to 4.64)] [155]. 
The findings of the study emphasized that patients with SIC should be identified and 
supported with VA-ECMO as early as possible.

9.10 Patient selection for ECMO

In patients with sepsis, 13–65% develop SCM, but not all patients in septic shock 
will benefit from VA-ECMO [153, 156–158]. Patients with sepsis who are refractory to 
standard therapy, including adequate fluid resuscitation, antibiotics, and stress dose 
steroids, have increasing requirement of vasopressors and inotropes, and echocar-
diography findings are consistent with SCM, and they should be considered for 
prompt VA-ECMO support. A positive blood culture alone is not a contraindication 
for VA-ECMO, especially when source control and antibiotic therapy have already 
been initiated [159]. The early introduction of VA-ECMO and other types of MCS can 
prevent adverse effects of an escalating dose of inotropes and vasopressors and the 
mechanical ventilation, the effect termed as “metabolic rest” [160]. Any situation 
in which incremental escalation of standard therapies results in disproportionately 
lower hemodynamic improvement should warrant the use of ECMO and other AMCS 
devices. However, use of ECMO in patients with SCM who had CA remains contro-
versial with poor outcomes [161, 162].

9.11 Concurrent management along with ECMO

In a patient with SCM supported by VA-ECMO, apart from managing ECMO, 
other important goals are augmentation of cardiac output, ventilator management, 
anticoagulation, and hemodynamic support [163]. Ventilation parameters should 
promote “lung rest” by offloading the mechanical power required for oxygenation 
and ventilation by the lungs [164]. Peak inspiratory pressure should be maintained 
<25 cmH2O and minimizes FiO2 while maintaining 5–12 cmH2O of positive end 
expiratory pressure (PEEP) to prevent atelectasis [165]. For anticoagulation, heparin 
is most commonly used and recommended by ELSO [166]; however, use of bivaliru-
din has been found to be associated with reduced mortality in adult patients [167]. For 
hemodynamic management, these patients are usually vasoplegic due to both septic 
shock and VA-ECMO and need vasopressors such as norepinephrine, phenylephrine, 

Pros Cons

1. Fully restores cardiac output [167].

2. Decompresses right ventricle [170].

3. Provide adequate pulmonary  
support [164].

1. Resource and personnel intensive to manage ECMO.

2. Risk of LV distension due to increased systemic afterload 
especially in peripheral configuration [19].

3. Risk of ischemia of lower extremity (distal perfusion  
cannulation may alleviate this) [171].

4. The risk of cerebral hypoxemia (North-South Syndrome) 
[172].

5. Risk of heparin-induced thrombo-cytopenia (HIT) in  
patients receiving heparin as anticoagulant [173].

Table 4. 
Pros and cons of using VA-ECMO in patients with septic cardiomyopathy.
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vasopressin, and epinephrine to counteract vasoplegia. In case of suboptimal effect, 
agents such as methylene blue, hydroxycobalamin, and angiotensin II should be 
considered [168, 169].

Pros and Cons of VA-ECMO in sepsis-induced cardiomyopathy: While it has 
been established that ECMO is a viable option for management of SCM, Table 4 
presents the pros and cons of ECMO in patients with septic cardiomyopathy.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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