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Foreword

More than 150 years ago, Marey and Braune first studied the physiology of intra- 
abdominal pressure. In the last four decades, elevated intra-abdominal pressure 
(intra-abdominal hypertension, IAH) and the sinister upshot of untreated IAH (the 
abdominal compartment syndrome, ACS) have become menacing problems in all 
aspects of intensive care, transcending specialties and age groups. The critical issues 
surrounding pressure and perfusion in the ubiquitous rigid compartments in the 
human body have become frequent and challenging as we began to care for the mas-
sively injured and seriously ill patients on the very edge of survival. The need to 
understand these phenomena, anticipate them, attempt prevention, diagnose 
promptly, and institute therapy effectively has never been more acute.

The World Society of the Abdominal Compartment Syndrome (WSACS) 
recently expanded to the WSAC or World Society of the Abdominal Compartment, 
an international group of interested scientists toiled hard to review the entire exist-
ing literature and formulate evidence-based guidelines. The commendable work of 
this society defined clinical terms and recommended management precepts by con-
sensus. These advances culminated in organ-sparing and life-saving critical care. 
The society even revisited, in 2013, their original statements to provide concise, 
updated guidelines. The results have been spectacular. Surgical and trauma critical 
care units began to talk a common language in terms of bladder pressure (intra- 
abdominal pressure), abdominal decompression for IAH, and “open abdomen” 
management. Not unexpectedly, ACS began to fade away. The prospect of eliminat-
ing the morbid ACS was suddenly on the horizon!

Despite this rosy outlook, awareness of the pathophysiology of compartment 
syndromes, unfortunately, seems to be patchy at best and nonexistent at worst. The 
intransigent attitudes of nonsurgical intensivists in refusing to acknowledge the phe-
nomenon of compartmental hypertension are repeatedly documented by survey 
after survey. Even among the surgeons in the northern hemisphere, who have to be 
familiar with the story of IAH and ACS, monitoring of compartmental pressures and 
early decompression to reduce the pressure has not been universal. Many critical 
care physicians and nurses are still ignorant of the consensus guidelines. The sole 
solution to this recalcitrant attitude is recurring, repeated, and reproducible rein-
forcement by respected educators. That is exactly what the present work, 
Compartment Syndrome is bound to accomplish. The editors need no introduction. 
They are leaders in the societies of WSACS and WSES and pioneers of best 
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practices in the fields of critical care and emergency surgery. The assembled list of 
international contributors are experienced clinicians and instructors. The topics are 
exhaustive with all facets of compartment syndromes covered in a format easy to 
read and assimilate.

This book is a valuable contribution that will promulgate crucial concepts of 
pressure–perfusion phenomena and realize optimal outcomes in saving life and 
limb. It is recommended for all involved in the care of critically ill and injured 
patients.

Rao R. Ivatury, MD, FACS
Department of Surgery

Virginia Commonwealth University 
Richmond, VA, USA

Foreword
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Foreword

The book Compartment Syndrome comes at a perfect time. The concept and under-
standing of the subject has evolved and improved over the last few years. This set gath-
ered here by Coccolini, Malbrain, Kirkpatrick, and Gamberini is simply remarkable 
since they have managed in a very special way to agglomerate and expose all the current 
aspects of the Compartment Syndrome from its basic concepts to future perspectives, 
passing through a fascinating way, by organs and systems, diagnostics and treatments.

Compartment syndrome is a condition in which increasing pressure within one 
of the body’s anatomical compartments results in insufficient blood supply to the 
tissue. In the past, this concept was attributed to the extremities and little was known 
about abdominal compartmental or thoracic syndrome and neither polycompart-
mental syndrome. It is at this moment that this book will serve you in a grand way. 
If you seek to study extensively about compartment syndrome, this is your book.

In a humble attempt to further sharpen your expectations about this work, I 
would like to emphasize that the keyword here is “perfusion.”

Under normal physiological conditions in our body, arterial blood flow to the 
venous system requires a gradient or difference of pressure. When this pressure 
gradient is decreased, the blood flow from the artery into the vein is in turn reduced. 
This causes a pool of excess blood and fluid to escape from the capillary into the 
interstitium, leading to fluid accumulation in the extracellular space and an increase 
in intracompartmental pressure. Soft tissue edema around blood vessels further 
compresses blood and lymphatic vessels, causing more fluid to accumulate in the 
extracellular spaces, leading to the vicious cycle of local hypertension. This cycle of 
aggravation decreases the tissue perfusion and finally leads to tissue death. With this 
last paragraph, I hope you keep in mind the value of the compartment syndrome and 
its influence on physiology. The real core of this enormous condition silently dete-
riorates the health of our critically ill patients.

While reading this book, keep in mind the essential physiology and perfusion 
process in different pathological states. This will certainly make your reading even 
more exciting.

Enjoy your reading!

Bruno M. Pereira, MD, MSc, PhD
World Society of the Abdominal Compartment

Campinas, SP, Brazil
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History of Compartment Syndrome

Ari Leppäniemi

1.1  Introduction

Compartment syndrome is a condition where increased pressure within one or more 
confined spaces in the body results in insufficient blood supply to tissue within that 
space threatening the viability of tissue and organs. There are four major compart-
ments in the human body, namely the head, chest, abdomen, and the extremities.

A compartment syndrome can develop in any of these compartments or even in 
multiple compartments. External compression such as caused by extensive burn 
scar can create a compartment syndrome in the affected area. Burn injury causes 
accumulation of tissue fluid that together with external compression of the burn tis-
sue results in high pressures in a closed fascial space leading to impaired perfusion 
and subsequent vascular compromise. In addition, burns in the torso area can cause 
severe constricting effects with impaired respiration unless released with timely 
escharotomy.

Furthermore, there can be isolated compartment syndromes within those four 
major compartments, for example, in the chest where pericardial tamponade repre-
sents a form of compartment syndrome of the heart even though the pressure in the 
pericardial sac caused by blood or pericardial fluid initially threatens the function of 
the heart, not its intrinsic blood supply.

This historical review highlights some of the landmark observations on different 
types of compartment syndromes in various parts of the body.

A. Leppäniemi (*) 
Meilahti Hospital, Helsinki, Finland
e-mail: Ari.Leppaniemi@hus.fi

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-55378-4_1&domain=pdf
https://doi.org/10.1007/978-3-030-55378-4_1#DOI
mailto:Ari.Leppaniemi@hus.fi


2

1.2  Compartment Syndrome in the Extremities

In 1881, Richard von Volkmann (1830–1889) suggested that interruption of 
blood supply to the extremity muscles resulted in paralysis and contracture, 
later known as Volkmann’s contracture [1]. It occurred more commonly in upper 
limb and was thought to be caused by application of tight bandages to the injured 
limb. The importance of obstructed venous circulation was considered impor-
tant by Murphy in 1914 who advocated a prophylactic fasciotomy of the 
forearm [2].

The role of spasm in arterial injuries was thought to be important when during 
the First World War unexplained contractures associated with arterial injuries 
directed the treatment toward interrupting the sympathetic reflex arc with sympa-
thectomy or arterial stripping [2].

Dr. Edward Wilson was one of party of five that reached the South Pole with 
Captain Scott in 1912. After a day’s march of 22 miles, his left leg became swollen 
and painful with edematous red skin. The condition continued for about 3 weeks, 
and his meticulous daily entries to his diary probably consist of the first clinical 
description of an anterior tibial compartment syndrome [3].

Subsequent discoveries of the role of tissue edema hindering normal fluid 
exchange through capillaries in the muscle leading to first to venous and eventually 
capillary and arteriolar occlusion lead to the recommendation of prompt and gener-
ous fasciotomy to disrupt the vicious microcirculatory circle [2].

Following the discovery of the role of increased intracompartmental pressure in 
causing compartment syndrome, the actual clinical measurement of compartment 
pressure was introduced in the 1970s, and a threshold for fasciotomy was estab-
lished at that time being a difference between the intracompartmental pressure and 
the diastolic blood pressure of less than 30 mmHg [2].

1.3  Intracranial Hypertension

In 1893, A German Physician Heinrich Quincke described the first report on idio-
pathic intracranial hypertension [4], and in 1904 the term “pseudotumor cerebri” 
was coined by Max Nonne [5]. Many reports of increased intracranial pressure 
caused by different underlying conditions were reported thereafter, and the diagnos-
tic criteria for idiopathic intracranial hypertension were developed by Walter Dandy, 
a Baltimore neurosurgeon, in 1937 [6]. He also introduced the technique of subtem-
poral decompressive surgery to treat this condition.

Although trepanation to manage traumatic brain injuries was already prac-
ticed in ancient times, the importance of intracranial pressure rather than skull 
damage being the main cause for pathology was first suggested in the eighteenth 
century and confirmed in the nineteenth century [7]. The introduction of intracra-
nial pressure monitoring in the 1950s and modern imaging techniques from the 
1970s onward (CT in 1972) paved the way to modern treatment of traumatic 
brain injuries.

A. Leppäniemi
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1.4  Pneumothorax, Cardiac Tamponade, and Thoracic 
Compartment Syndrome

The idea of draining substances (fluid, pus, blood) from the thoracic cavity has been 
known for thousands of years, but the oldest reference is from Hippocrates (c. 
460–370 B.C.) in whose texts “empyemas” are described as abscesses in the tho-
racic cavity. If conservative management with medications and physiotherapy 
failed, open evacuation of the empyema was performed [8]. The first description of 
a tube thoracostomy was probably mentioned in the Parzival by Wolfram von 
Eschenbach in the thirteenth century [9], but it was Guy de Chauliac, the leading 
physician-surgeon of medieval France, who in 1395  in his Chirurgia Magna 
described the approach to the management of penetrating thoracic wounds that 
included thoracic drainage [10].

Traumatic pneumothorax secondary to rib fractures was described by a Turkish 
surgeon Serafeddin Sabuncuoglu (1385–1468) who suggested simple aspiration as 
treatment method [11]. Pneumothorax was described in 1803 by Jean Marcc 
Gaspard Itard, a student of Rene Laennec [12]. The Heimlich valve was designed by 
Henry Heimlich, an American thoracic surgeon in 1968 [13]. He was also the first 
to describe the Heimlich maneuver.

Avicenna (980–1037) was one of the first physicians to describe cardiac tampon-
ade [14]. Although it is commonly believed that the French Royal Surgeon Ambroise 
Pare (1510–1590) provided the first report of delayed death due to an acute trau-
matic hemopericardium, Haly Abbas (930–994  AD), a predecessor of Avicenna, 
actually reported such a phenomenon in the tenth century [14]. Claude Beck 
(1894–1971), a pioneer American cardiac surgeon, famous for performing the first 
defibrillation in 1947, described the physiological basis for the signs of acute car-
diac tamponade, collectively known as the Beck’s triad [15].

Thoracic compartment syndrome was described in adult and pediatric patients 
undergoing cardiac surgical procedures where sternal closure in patients with sub-
stantial myocardial edema, acute ventricular dilatation, or non-cardiogenic pulmo-
nary edema could precipitate cardiac tamponade [16]. The first case of thoracic 
compartment syndrome associated with a thoracic gunshot wound was described in 
1996 [17].

1.5  Abdominal Compartment Syndrome

Although ascites was recognized as a pathological entity requiring interventional 
treatment already in the thirteenth century, the physiological effects that increased 
intra-abdominal pressure (IAP) especially on respiration were first described by the 
Frenchman Etienne-Jules Marey in 1863 [18]. Christian Wilhelm Braune from 
Germany was probably the first to measure IAP though the rectum in 1865 [19].

Several papers on IAP measurements were published in the late nineteenth cen-
tury, but the truly ground-breaking paper was published in 1911 by the Harvard 
educated physician Haven Emerson [20]. He showed the connection between high 

1 History of Compartment Syndrome
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IAP and cardiovascular collapse, and that evacuation of ascites was followed by 
cardiac recovery. In 1939, Bellis and Wangensteen demonstrated vascular impair-
ment caused by raised IAP [21].

The progress in our understanding the consequences of raised IAP was slow until 
1951, when MG Baggot, an anesthesiologist from Dublin suggested that forcing 
distended bowel back into the abdominal cavity of limited size could kill the patient 
[22]. He advised leaving the abdomen open with dressings.

With the introduction of laparoscopy in the 1970s, a better understanding of the 
effects of increased IAP ensued. Sönderberg and Westin correlated IAP directly 
measured via laparoscope to that measured through the urinary bladder [23], and 
Ivancovich and colleagues described cardiovascular collapse during gynecological 
laparoscopy [24].

Although the cardiovascular, renal, and endocrinological effects of raised IAP 
were described by various authors in the early 1980s, it was the landmark paper 
from Kron, Harman, and Nolan in 1984, where IAP was measured after aortic repair 
and was used that to determine the cutoff values for abdominal re-exploration and 
decompression in surgical patients [25]. The term Abdominal Compartment syn-
drome was probably first mentioned in 1989 by Fietsam and colleagues [26].

Finally, the surgical and critical care pioneers in this field, Moshe Schein, Gene 
Moore and the Denver group, Rao Ivatury, Mike Cheatham, Manu Malbrain, and 
Michael Sugrue together with the World Society of Abdominal Compartment 
Syndrome formalized, categorized, and brought our understanding of elevated IAP 
to its current level [27–29].

1.6  Polycompartment Syndrome

In 2007, Tom Scalea and colleagues from Shock Trauma in Baltimore described the 
interactions of multiple compartments in a study of 102 blunt trauma patients [30]. 
The management of a polytrauma patient with fluid therapy may increase IAP and 
intrathoracic pressure and in a patient with traumatic brain injury may lead to ele-
vated intracranial pressure creating a cycle that ultimately produces multiple com-
partment syndrome requiring sequential use of decompressive craniectomy and 
decompressive laparotomy. To avoid confusion with multiple extremity compart-
ment syndrome, the term polycompartment syndrome was created to better describe 
the interconnected relationships of the various body compartments [31].
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Definition and Pathomechanism 
of the Intracranial Compartment 
Syndrome

Tommaso Tonetti, Susanna Biondini, Francesco Minardi, 
Sandra Rossi, and Edoardo Picetti

2.1  Definition

A compartment syndrome is, by definition, a clinical syndrome characterized by a 
severe increase of pressure in an enclosed body district (compartment) and subse-
quent hypoperfusion and tissue damage due to compression of vital structures such 
as vessels and nerves [1]. The prerequisite for a compartment syndrome to develop 
is that the compartment must be non-extensible above a certain limit, i.e., its com-
pliance must be close to zero after a critical level of stretching of its structures has 
been reached. Some compartments in the body, due to their physical and physiologi-
cal characteristics, are more prone than others to develop a compartment syndrome.

The intracranial compartment, completely surrounded by a rigid, noncompliant 
bony case, can be intuitively considered the ideal environment for a compartment 
syndrome to occur since slight increases in volume of the enclosed structures trans-
late into wide increases in compartment pressure. A quick rise in intracranial pres-
sure (ICP) can displace the brainstem, which can suffer from possibly irreversible 
ischemia, leading to rapid death. Slower (though acute) rises in ICP can result in 
brain tissue compression, hypoperfusion, and diffuse ischemic damage, leading to 
severe and irreversible neurologic damage [2].

The intracranial compartment syndrome (ICS) has been known and studied for 
the last two centuries, but it has usually been referred to as intracranial hypertension 
(IH). Depending on different classifications, some forms of IH can develop slowly 
(e.g., growing cerebral tumors), others can be chronic or even benign. In this chap-
ter, we will consider ICS a synonym of IH caused by an acute brain injury (ABI).
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2.1.1  Clinical Definition

A comprehensive dissertation about the clinical aspects of IH is outside the scope 
of this chapter. However, in order to define IH and ICS operatively, we need to 
introduce the concept of ICP monitoring, which is often applied in patients with 
ABI. Whichever the technology adopted (e.g., intraparenchymal probe, intraven-
tricular catheter), the measure of ICP allows the clinician to react adequately if the 
patient reaches a critical threshold level, which defines IH [3]. Historically, the 
most frequently adopted ICP cutoff to define IH has been 20  mmHg, which is 
derived from the seminal Lundberg study [4]. More recent research tend to con-
firm this cutoff, showing that an ICP above 20 mmHg correlates with mortality 
and poor outcomes [5, 6]. However, the latest Guidelines for the Management of 
Severe Traumatic Brain Injury recommend treating ICP values above 22 mmHg 
[7], thus implying that lower values should not be considered as IH and suggesting 
that below that level the patient should not be at risk of ICS. This new threshold 
fired the debate since many experts do not agree with such strict limits and recom-
mend that the diagnosis of IH (and of ICS) be based not only on a mere number 
but on a complete clinical picture of the patient [3, 8, 9]. IH should be considered 
in terms of insult severity and duration possibly with the aid of multimodal neuro-
monitoring [3, 8, 9].

2.2  Pathomechanism of the Intracranial 
Compartment Syndrome

2.2.1  The Monro-Kellie Doctrine

As stated above, IH leads to ICS, but what leads to IH in the first place? The basic 
concept of ICP is described by the Monro-Kellie Doctrine, which is based on sepa-
rate studies by the Scottish physician Alexander Monroe secundus (1733–1817) and 
the surgeon George Kellie (1770–1829). Essentially, the doctrine states that total 
intracranial volume is constant and fixed although the relationships between its 
components may vary. Total intracranial volume is determined by the sum of the 
volumes of cerebrospinal fluid (CSF), blood, and brain tissue. We can roughly esti-
mate that CSF and blood occupy each 10% of the volume, leaving to the brain tissue 
the remaining 80% (near 1900 mL in adults) [2].

ICP is normally below 10 mmHg, and it is relatively constant through all the 
brain regions. The introduction of an additional volume in one of the three compo-
nents must be compensated by changes in the other two components; however, a 
volume increase of more than 10% leads inevitably to the upper limit of the sys-
tem’s compliance and so to an increase in ICP. Since the skull is rigid, from this 
point on, minimal increases in intracranial volume translate into wide increases in 
ICP (exponential relationship, see Fig. 2.1).
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2.2.2  Compensatory Mechanisms

As stated before, the limit of compliance of the intracranial compartment is an 
increase in volume of about 10%. This means that the brain is not normally able to 
swell more than 10% of its volume and the same is true for the CSF and the blood 
component. According to the Monro-Kellie Doctrine, these changes modify the 
total volume and must be counterbalanced by a correspondent reduction of the other 
components. Namely, both the CSF and the blood components are able to shift out-
side the intracranial compartment as explained below. Displacement of CSF and 
blood explains the horizontal part of the pressure–volume curve represented in 
Fig. 2.1. Of course, individual patients may show better compensation than others, 
for example, due to cerebral atrophy, which warrants higher volume reserve by 
shifting the pressure–volume curve to the right.

2.2.2.1  Shifts of CSF
The CSF is able to shift from the ventricular or subarachnoid space to the spinal 
compartment. However, the spinal compartment has limited distensibility and may 
be insufficient to compensate for pathologic changes in intracranial volume.

Moreover, in case of increasing intracranial volume, CSF outflow and resorption 
may be forced through the low-resistance arachnoid villi.

2.2.2.2  Shifts of Cerebral Blood Volume (CBV)
Most of the blood (about two thirds) in the intracranial compartment is contained in 
the dural sinuses and venules, while the remaining one-third is in the arteriolar sys-
tem. Cerebral blood volume (CBV) in the intracranial compartment is regulated 
both on the arteriolar side (inflow) and on the venous side (outflow). The blood- 
based compensation mechanism is based on the reduction in volume of the venules 
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Fig. 2.1 Cerebral pressure–volume curve
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and dural sinuses (up to their collapse) and on the vasoconstriction/vasodilation of 
the arterioles and other vessels. Although it may seem a rather ineffective mecha-
nism, especially when compared to fast shifts of CSF between the intracranial and 
the intraspinal compartments, shifts in intracranial blood content are in fact ample 
enough to compensate for wide variations in intracranial volume: intracranial blood 
volume can oscillate between 15 and 70 mL, thus making it a really important com-
pensation mechanism [2, 3].

Cerebral blood flow (CBF) in the healthy brain is strictly regulated according to 
the autoregulation mechanism, that is able to maintain a physiologic blood flow 
(~750  mL/min in a normal adult) in a wide range of mean arterial pressures 
(~50–150 mmHg). The mechanism is based on the continuous fine-tuning of cere-
brovascular resistances, mediated by myogenic reflexes in the endothelium and by 
vasodilating agents released by the tissues [2].

On the contrary, in the acutely injured brain, autoregulation is often impaired (in 
a variable manner, according to the type of lesion and its site). Brain injury can 
disrupt cerebral autoregulation (the degree of the disruption is generally directly 
proportional to the degree of brain injury), and this translates in a pathologically 
linear relationship between CBF and cerebral perfusion pressure (CPP).

Other factors influencing CBF are the arterial partial pressures of oxygen (PaO2) 
and carbon dioxide (PaCO2). In particular, hypercapnia (and, to a lesser extent, 
hypoxemia) increases CBF through vasodilation and may lower the upper limit of 
autoregulation. Reactivity to CO2 is continuous up to partial pressures of about 
80 mmHg, for which cerebral vasodilation is about 100% of the baseline value; 
above 80 mmHg, no further vasodilation occurs. Reactivity to hypoxemia is much 
less pronounced and is significant only below 50 mmHg of PaO2 [2].

Drugs may also significantly alter CBF. Most notably, barbiturates act as potent 
cerebral vasoconstrictors, but their effect on CBF is only partly explained by their 
effect on the cerebral circulation. In fact, they also reduce CBF by reducing neuro-
nal metabolism. Inhalational anesthetics can instead induce cerebral vasodilation 
and increase CBF.

Other acute conditions, such as fever and seizures, are associated with CBF aug-
mentation, which often translates in IH in patients with ABI and impaired 
autoregulation.

Chronic arterial hypertension significantly modifies cerebral autoregulation, 
resulting in a rightward shift of the pressure–CBF curve (meaning that constant 
CBF is maintained at higher arterial pressures).

2.2.3  Intracranial Causes of IH

Intracranial causes of IH are summarized in Table 2.1.

2.2.3.1  Brain-Related Causes of IH
The most important brain-related causes of IH are expansive processes inside the 
brain or between the brain and the meninges. Excluding neoplasms, which normally 
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cause a slow and chronic increase in ICP, hemorrhages are the most frequent expan-
sive processes. They are usually classified according to their location into the fol-
lowing: epidural, subdural, subarachnoid, and intraparenchymal. Regardless of the 
site of the hemorrhage, their effect on the ICP is mediated by the mass effect they 
produce on the brain and the other intracranial structures.

The other common cause of acute increase in brain volume is brain edema, which 
can be classified into two major pathologic entities: vasogenic and cytotoxic [2].

The origin of vasogenic edema lies in a disruption of the blood–brain barrier 
(BBB). This causes swelling and subsequent breakdown of the myelin. CBF and 
cellular functions tend to remain mostly unaltered since edema is mostly extracel-
lular. This type of edema is usually caused by inflammatory/infective processes.

On the other hand, cytotoxic edema is intracellular and mostly localized in the 
astrocytes. Thus, it involves the gray matter more than the white matter and is typically 
observed in ischemic/anoxic injury and in serum electrolytes imbalances (see below).

2.2.3.2  CSF-Related Causes of IH
Increases in CSF volume may be due to increased CSF production, decreased CSF 
absorption, and/or obstructed outflow of CSF toward the spinal subarachnoid space 
(see above). In ABI, and especially in subarachnoid hemorrhage (SAH), obstructive 
hydrocephalus is a common condition, due to blood accumulation into the ventricu-
lar system; in this situation, a decreased CSF absorption can also be observed due to 
an involvement of the arachnoid granulations [10, 11]. Another typical mechanism 
of acute obstructive hydrocephalus is the fourth ventricle compression, for example, 
due to a posterior fossa hematoma.

2.2.3.3  Blood-Related Causes of IH
Increased in CBV has been previously described. The main mechanism is arteriolar 
vasodilation, most commonly caused by hypercapnia and/or hypoxemia. Fever and 
seizures can cause wide increases in CBF and CBV especially when they are associ-
ated to an impaired CBF autoregulation.

On the other hand, an increase in CBV can be determined by an obstructed 
venous outflow; this is often iatrogenic and due to jugular veins compression (erro-
neous head positioning, cervical compression) or to elevated intrathoracic/intra- 
abdominal pressures (see below).

Table 2.1 Causes of IH

Component Possible cause of increased volume
Brain • Expansive processes

• Cytotoxic edema
• Vasogenic edema

CSF • Increased production
• Decreased absorption
• Obstructed outflow

Blood • Vasodilation
• Obstructed outflow (venous side)

IH intracranial hypertension, CSF cerebrospinal fluid

2 Definition and Pathomechanism of the Intracranial Compartment Syndrome
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2.2.4  Extracranial Causes of IH

In Fig. 2.2, we summarize the complex network of extracranial organs that can pos-
sibly influence and increase the ICP.

2.2.4.1  Intrathoracic Pressure (ITP)
The interaction between ITP and ICP is fundamentally based on one mechanism: 
venous outflow obstruction. Indeed, an increase in ITP directly translates to an 
increase in central venous pressure (CVP) and so in jugular and intracerebral venous 
pressure. This in turn expands CBV and impairs CSF absorption (see above). 
Moreover, the increased ITP can also lower the CPP by impairing venous return and 
lowering cardiac output (CO).

In the setting of ABI, the most common cause of increased ITP is mechanical 
ventilation, and in particular the application of positive end-expiratory pressure 
(PEEP). Mechanical ventilation is also responsible for other transient, but signifi-
cantly high surges in ITP, during lung recruitment maneuvers or during coughing in 
patients who are poorly adapted to mechanical ventilation. The third most important 
cause of increase of ITB is the increase in intra-abdominal pressure (IAP), which 
will be discussed in the next paragraph.

The use of PEEP in ABI patients has been debated for a long time [12]. Adequate 
levels of PEEP keep lung units open during expiration and avoid the so-called atel-
ectrauma (lung injury due to cyclic opening and closing of lung units), thus improv-
ing oxygenation and, according to some authors, helping to protect the lung from 
further damage (“open lung approach”). Accordingly, many patients with ABI may 
theoretically benefit from the use of PEEP, given that lung damage is often present 
(due to direct trauma, aspiration, infection, etc.), but some concerns still exist as for 
the safety of PEEP in patients with IH. Many studies show that PEEP has minimal 

¯VR ¯CO ¯CPP

�ICP
�CBV�JVP� CVP

�VVS
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Fig. 2.2 Extracranial organs and ICP. ICP intracranial pressure, IAP intra-abdominal pressure, 
ITP intrathoracic pressure, VR venous return, CO cardiac output, CPP cerebral perfusion pressure, 
JVP jugular venous pressure, VVS vertebral venous system, CBV cerebral blood volume
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effects on ICP, especially if it is titrated to be lower than ICP itself [13–15]. A recent 
retrospective study (reflecting the current trends in ventilatory settings) on 341 
patients and 28,644 paired PEEP and ICP measurements confirms no significant 
relation between PEEP and ICP or CPP, except in the subgroup of severely lung- 
injured patients. However, even in those patients with highly impaired lung compli-
ance (in whom airway pressure increases are more easily transmitted to the vessels 
and so to the brain), the direct relation between PEEP and ICP appears to be statisti-
cally significant but not very relevant from a clinical point of view. Indeed, this 
retrospective study shows that on average a 5 cmH2O increase in PEEP translates in 
modest 1.6 mmHg increase in ICP and 4.3 mmHg decrease in CPP, and the authors 
conclude that PEEP can be safely applied in most of the ABI patients [16].

To date, only a very small number of studies have investigated the relationship 
between lung recruitment maneuvers and ICP increase. In 11 patients with ABI and 
acute lung injury, Bein and colleagues showed that aggressive recruitment maneu-
vers (sustained pressures up to 60  cmH2O for 30  s) have detrimental effects on 
cerebral hemodynamics and metabolism [17]. Another study on 16 patients with 
SAH and acute respiratory distress syndrome (ARDS) compared recruitment 
maneuvers in pressure control mode from PEEP 15 cmH2O up to an inspiratory 
pressure of 50 cmH2O for 120 s with recruitment maneuvers at a constant positive 
airway pressure of 35 cmH2O for 40 s. The results of this study show that recruit-
ment in pressure control mode has a much smaller impact on ICP and CPP and 
much higher impact on oxygenation [18]. Nevertheless, larger studies are certainly 
needed to better define the “pros and cons” of lung recruitment maneuvers in 
patients with ABI.

2.2.4.2  Intra-abdominal Pressure (IAP)
The anatomical foundation of the complex interplay between IAP and ICP lies in the 
vertebral venous system (VVS). This system was firstly described almost two centu-
ries ago, but it has continued to be thoroughly studied even in the last decade although 
under different names [19, 20]. The VVS is constituted by valveless veins that allow 
free flow of blood between the head and the distal end of the spinal canal [19]. It has 
been described as a large and valveless “venous lake,” where blood can move freely, 
and its flow direction is strongly influenced by the pressures in the different body 
compartments [21]. Indeed, the VVS is widely anastomosed with the inferior and 
superior caval system (through the azygos and lumbar veins) and to other cranial, 
cervical, thoracic, abdominal, and sacral venous plexuses [22]. Consequently, two 
main mechanisms explain the interplay between IAP and ICP: according to the first, 
an increase in IAP produces a blood shift into the VVS, which directly translates into 
a blood shift into the intracranial compartment. The second mechanism involves a 
transfer of IAP to the ITP through the diaphragm muscle, thus producing a back 
pressure on the jugular system, as already described in the previous paragraph [22].

Whichever the mechanism involved (normally both of them), the interaction 
between IAP and ICP has been studied in animal models and in human patients, and 
it has shown that increases in IAP invariably translate into raises in ICP by increas-
ing the volume of intracranial venous blood [23].
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Some of the most important clinical studies on the interaction between IAP and 
ICP have been conducted in traumatic brain injury (TBI) patients. In an elegant 
physiologic study in 2001, Citerio and colleagues externally increased IAP (by 
positioning a 15-L water bag on the abdomen) in 15 TBI patients after stabilization 
and resolution of IH. This acute rise in IAP translated almost immediately in con-
comitant and rapid increases of CVP, internal jugular pressure, and finally ICP, 
which rose significantly from an average of 12 mmHg to an average of 15.5 mmHg 
[24]. In a retrospective study on 102 patients with severe TBI who underwent 
decompressive craniotomy (DC) or decompressive laparotomy or both, Scalea and 
colleagues found statistically significant decreases in ICP after DC and laparotomy, 
regardless of whether laparotomy was done before or after craniotomy. In addition, 
they found that decompressive laparotomy was successful in reducing ITP regard-
less of whether it was done before or after DC [25].

2.2.4.3  Fluids and Electrolytes
Plasma osmolarity is a key determinant of ICP. The BBB acts as a real barrier to the 
entry of molecules and solutes into the brain. An intact BBB is completely imper-
meable to sodium [26] and so any water flow across the barrier is sodium-free [27]. 
The concept of osmolarity and its relationship to ICP is important in the normal 
brain but has the utmost importance in the setting of ABI, when the BBB loses, at 
least partially, its function. When the function of the BBB is disrupted, hydraulic 
permeability and conductivity to solutes increase, raising the flow of water (accom-
panied by proteins) across the capillary membranes. This increase in water is the 
vasogenic edema, which was already described in a previous paragraph [28, 29]. 
This is especially important for fluid management in ABI patients and is the founda-
tion of osmotherapy for increased ICP.

2.3  Conclusions

The ICS has a complex pathogenesis, which is often influenced by the presence of 
other coexisting compartment syndromes. The understanding of brain physiology 
and of the compensatory mechanisms to IH may help the physician in making the 
right choices for protecting the brain from secondary injuries and avoiding iatro-
genic damage.

References

 1. Merriam-Webster. Compartment syndrome. Merriam-Webster’s Med. Dict. 2016.
 2. Wijdicks EFM. The practice of emergency and critical care neurology. 2nd ed. New York: 

Oxford University Press; 2016.
 3. Chesnut RM. Intracranial pressure. In: Le Roux PD, Levine JM, Kofke WA, editors. Monitoring 

in neurocritical care. Philadelphia: Elsevier Saunders; 2013. p. 338–47.
 4. Lundberg N. Continuous recording and control of ventricular fluid pressure in neurosurgical 

practice. Acta Psychiatr Scand Suppl. 1960;36:1–193.

T. Tonetti et al.



15

 5. Marmarou A, Anderson RL, Ward JD, Choi SC, Young HF, Eisenberg HM, Foulkes MA, 
Marshall LF, Jane JA. Impact of ICP instability and hypotension on outcome in patients with 
severe head trauma. J Neurosurg. 1991;75:S59–66.

 6. Schreiber MA, Aoki N, Scott BG, Beck JR. Determinants of mortality in patients with severe 
blunt head injury. Arch Surg. 2002;137:285–90.

 7. Carney N, Totten AM, OʼReilly C, et al. Guidelines for the management of severe traumatic 
brain injury, fourth edition. Neurosurgery. 2016;81:1.

 8. Meyfroidt G, Citerio G. Letter: guidelines for the management of severe traumatic brain injury, 
fourth edition. Neurosurgery. 2017;81:E1.

 9. Picetti E, Iaccarino C, Servadei F. Letter: guidelines for the management of severe traumatic 
brain injury fourth edition. Neurosurgery. 2017;81:E2.

 10. van Gijn J, Hijdra A, Wijdicks EF, Vermeulen M, van Crevel H. Acute hydrocephalus after 
aneurysmal subarachnoid hemorrhage. J Neurosurg. 1985;63:355–62.

 11. Graff-Radford NR, Torner J, Adams HP, Kassell NF. Factors associated with hydrocephalus 
after subarachnoid hemorrhage. A report of the Cooperative Aneurysm Study. Arch Neurol. 
1989;46:744–52.

 12. Lowe GJ, Ferguson ND. Lung-protective ventilation in neurosurgical patients. Curr Opin Crit 
Care. 2006;12:3–7.

 13. Frost EAM. Effects of positive end-expiratory pressure on intracranial pressure and compli-
ance in brain-injured patients. J Neurosurg. 1977;47:195–200.

 14. Burchiel KJ, Steege TD, Wyler AR.  Intracranial pressure changes in brain-injured patients 
requiring positive end-expiratory pressure ventilation. Neurosurgery. 1981;8:443–9.

 15. Cooper KR, Boswell PA, Choi SC. Safe use of PEEP in patients with severe head injury. J 
Neurosurg. 1985;63:552–5.

 16. Boone MD, Jinadasa SP, Mueller A, Shaefi S, Kasper EM, Hanafy KA, O’Gara BP, Talmor 
DS. The effect of positive end-expiratory pressure on intracranial pressure and cerebral hemo-
dynamics. Neurocrit Care. 2017;26:174–81.

 17. Bein T, Kuhr LP, Bele S, Ploner F, Keyl C, Taeger K. Lung recruitment maneuver in patients 
with cerebral injury: effects on intracranial pressure and cerebral metabolism. Intensive Care 
Med. 2002;28:554–8.

 18. Nemer SN, Caldeira JB, Azeredo LM, et  al. Alveolar recruitment maneuver in patients 
with subarachnoid hemorrhage and acute respiratory distress syndrome: a comparison of 2 
approaches. J Crit Care. 2011;26:22–7.

 19. Parkinson D. Extradural neural axis compartment. J Neurosurg. 2000;92:585–8.
 20. Tobinick E, Vega CP.  The cerebrospinal venous system: anatomy, physiology, and clinical 

implications. MedGenMed. 2006;8:53.
 21. Epstein HM, Linde HW, Crampton AR, Ciric IS, Eckenhoff JE. The vertebral venous plexus 

as a major cerebral venous outflow tract. Anesthesiology. 1970;32:332–7.
 22. Depauw PRAM, Groen RJM, Van Loon J, Peul WC, Malbrain MLNG, De Waele JJ. The sig-

nificance of intra-abdominal pressure in neurosurgery and neurological diseases: a narrative 
review and a conceptual proposal. Acta Neurochir. 2019;161:855. https://doi.org/10.1007/
s00701-019-03868-7.

 23. De Laet I, Citerio G, Malbrain MLNG. The influence of intra-abdominal hypertension on the 
central nervous system: current insights and clinical recommendations, is it all in the head? 
Acta Clin Belg. 2007;62(Suppl 1):89–97.

 24. Citerio G, Vascotto E, Villa F, Celotti S, Pesenti A. Induced abdominal compartment syndrome 
increases intracranial pressure in neurotrauma patients: a prospective study. Crit Care Med. 
2001;29:1466–71.

 25. Scalea TM, Bochicchio GV, Habashi N, McCunn M, Shih D, McQuillan K, Aarabi B. Increased 
intra-abdominal, intrathoracic, and intracranial pressure after severe brain injury: multiple 
compartment syndrome. J Trauma. 2007;62:647–56; discussion 656.

 26. Qureshi AI, Suarez JI. Use of hypertonic saline solutions in treatment of cerebral edema and 
intracranial hypertension. Crit Care Med. 2000;28:3301–13.

2 Definition and Pathomechanism of the Intracranial Compartment Syndrome

https://doi.org/10.1007/s00701-019-03868-7
https://doi.org/10.1007/s00701-019-03868-7


16

 27. Rossi S, Picetti E, Zoerle T, Carbonara M, Zanier ER, Stocchetti N. Fluid management in acute 
brain injury. Curr Neurol Neurosci Rep. 2018;18:74.

 28. Hladky SB, Barrand MA. Mechanisms of fluid movement into, through and out of the brain: 
evaluation of the evidence. Fluids Barriers CNS. 2014;11:26.

 29. Hladky SB, Barrand MA.  Fluid and ion transfer across the blood-brain and blood- 
cerebrospinal fluid barriers; a comparative account of mechanisms and roles. Fluids Barriers 
CNS. 2016;13:19.

T. Tonetti et al.



17© Springer Nature Switzerland AG 2021
F. Coccolini et al. (eds.), Compartment Syndrome, Hot Topics in Acute Care 
Surgery and Trauma, https://doi.org/10.1007/978-3-030-55378-4_3

Diagnosis and Treatment 
of the Intracranial Compartment 
Syndrome

Etrusca Brogi, Federico Coccolini, Emanuele Russo, 
and Francesco Forfori

3.1  Introduction

The intracranial compartment syndrome is a condition that occurs when intracranial 
hypertension (IH) overcome the compensatory cerebral mechanisms. Excessive 
pressure within the rigid intracranial compartment leads to an insufficient blood 
supply to tissue within the skull and secondary irreversible brain injury. Several 
intracranial or extracranial disease can be responsible for IH [1]. Mass-occupying 
space disease (i.e. spontaneous intracerebral haemorrhage, aneurysmal subarach-
noid haemorrhage, epidural–subdural haematoma, swelling, tumour), vasogenic/
cytotoxic oedema, cerebral venous thrombosis or cerebrospinal fluid (CSF) disor-
ders (i.e. hydrocephalus) represent intracranial causes of IH [2]. Instead, the extra-
cranial causes of IH are due to the intrinsic interplay between intracranial pressure 
(ICP) and intrathoracic pressure (e.g. venous outflow obstruction, mechanical ven-
tilation, lung recruitment manoeuvres or during coughing) and intrabdominal pres-
sure (through the vertebral venous system) [3]. Consequently, therapeutic strategies 

E. Brogi (*) 
Department of Anaesthesia and Intensive Care, University of Pisa, Pisa, Italy  

Department of Anaesthesia and Intensive Care, Bufalini Hospital, Cesena, Italy 

Department of Anaesthesia and Intensive Care, Azienda Ospedaliero Universitaria Pisana 
(AOUP), University of Pisa, Pisa, Italy 

F. Coccolini 
General, Emergency and Trauma Surgery Department, Pisa University Hospital, Pisa, Italy 

E. Russo 
Department of Anaesthesia and Intensive Care, Bufalini Hospital, Cesena, Italy 

F. Forfori 
Department of Anaesthesia and Intensive Care, University of Pisa, Pisa, Italy

3

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-55378-4_3&domain=pdf
https://doi.org/10.1007/978-3-030-55378-4_3#DOI


18

that have effects on ITC and/or IAP (i.e. decompressive laparotomy) could present 
beneficial or a detrimental effect on ICP [4]. Furthermore, other conditions (e.g. 
fever, seizure) has to be promptly diagnosed and treated because are responsible for 
increased cerebral metabolic demand and oxygen consumption and, consequently, 
they may worsen a pre-existing brain disease [5, 6].

The diagnosis and the specific treatment of the cause responsible for elevated 
ICP (e.g. evacuation of mass-occupying space) has to be prompt in order to prevent 
and avoid an irreversible secondary cerebral insult and iatrogenic injuries. The ther-
apeutic option should be tailored to each specific clinical case rather than on proto-
cols. The reason is that any ICP-lowering therapies have potential side effects (e.g. 
hyperventilation/cerebral ischaemia) [7]. In this scenario, a multimodal monitoring 
approach is fundamental for patient assessment in order to make a specific diagnosis 
(i.e. spontaneous intracerebral haemorrhage, epidural–subdural haematoma, swell-
ing, cerebral, meningitis) and guide the clinician in the right therapeutic choice [8]. 
This approach consists of clinical evaluation, neuroimaging and invasive/noninva-
sive tests. This multimodality monitoring approach, gathering data simultaneously 
from multiple sources, might combine the strengths of several techniques, providing 
a complete picture of a dynamic cerebral state. Unfortunately, the increasing amount 
and availability of data increase the complexity of interpretation of the information 
gathered. Consequently, the integration of different data obtained from various tech-
niques through computer-assisted methods would represent a future challenge [9].

3.2  Diagnosis of the Intracranial Compartment Syndrome

Neurological examinations, neuroimaging, electrophysiologic tests (EEG) and 
invasive/noninvasive monitoring represent valuable tools for the diagnosis of intra-
cranial compartment syndrome and to establish a precise aetiology. The fundamen-
tal importance of a multimodal approach is the early identification and treatment of 
a neurological decline for the prevention of an irreversible secondary cerebral insult. 
This approach helps the clinician in guiding patient management and monitoring 
the response to treatment.

3.2.1  Neurological Evaluation

The first approach to a patient with possible intracranial compartment syndrome is 
neurologic evaluation. Level of consciousness, eye examination, verbal and motor 
response and breathing pattern represent the first step of the patient clinical evalua-
tion. Altered mental status can be due to primary brain disorders (e.g. traumatic 
brain injury, ischaemic stroke, spontaneous intracerebral haemorrhage, meningitis, 
tumours) or systemic disorders (e.g. overdose, sepsis, hepatic failure, hypothermia, 
hypoglycaemia, hypothyroidism, uraemia). However, it is vital to identify condi-
tions that can mimic coma (i.e. catatonia, critical illness neuropathy, akinetic mut-
ism, botulism, Guillain-Barré syndrome). The level of consciousness and the 
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presence or absence of focal signs can orientate the clinician to a possible localiza-
tion of a cerebral lesion. Eye examination consists of the evaluation of size, shape 
and reactivity to the light of the pupils. It is essential to evaluate the presence of 
anisocoria or to bilaterally fixed and dilated pupils and their response to medical 
treatment. Nevertheless, it is vital to recognize possible drugs that affect pupillary 
responses (e.g. opiate, atropine, cocaine, LSD). Even more, it is important to evalu-
ate resting eye position, eye movement and the corneal reflex. Lateral and down-
wards deviation as well as nystagmus and saccade ocular movement have to be 
evaluated carefully because they can represent the clinical signs of a lesion of a 
cerebral hemisphere or non-convulsive seizure state, respectively. The motor 
response, during the neurological examination, represents another important 
moment of patient evaluation. The presence of focal signs and abnormal reflexes 
can help to localize the lesion or orientate the diagnosis. Finally, different breathing 
patterns can be observed in a comatose patient depending on the type and the loca-
tion of the disease. Above all, we can find the following: apnoeic respiration, sus-
tained hyperventilation, Kussmaul respiration, Cheyne-strokes respiration and 
agonal gasps.

Quantitative coma scales (Glasgow Coma scale, FOUR score) are used to esti-
mate initial coma severity, to assess the progressive clinical decline/recovery and to 
predict mortality and neurological outcome. The Glasgow Coma Scale (GCS) is a 
widely adopted neurological scale used to assess the neurological status of a patient. 
The GCS scale correlates with survival and neurological outcome. The score is 
calculated by giving a numeric point to three categories: eye opening, verbal and 
motor response (as shown in Table 3.1). The score ranges from 3 to 15. Important 
limitations of GCS scale are represented by the inability to assess the verbal score 
in intubated patients and to evaluate brainstem reflexes. Then, the GCS-Pupils score 
was introduced in 2018 to combine assessment of patient responsiveness and brain 
stream function (i.e. pupil reaction) [10]. In addition to the general GCS score, 
GCS-P is calculated by subtraction Pupil Reactivity Score (PRS) from GCS score 
(as shown in Table 3.1). On the other hand, Glasgow Outcome Scale (GOS) and the 
Glasgow Outcome Scale Extended (GOSE—extended version of the GOS) are used 
to describe outcome in head injury patients (as shown in Table 3.1) [11, 12]. The 
Innsbruck Coma Score is an eight-items scale; however, it is rarely used in clinical 
practice [13]. In 2005, the Full Outline of Unresponsiveness (FOUR) score was 
developed to overcome the limitations of the GCS (assess intubated or aphasic 
patients and to evaluate brainstem reflexes) [14, 15]. In fact, the FOUR score 
included the evaluation of visual tracking, breathing pattern and respiratory drive. 
FOUR score scale evaluates four categories (i.e. eye, motor, brainstem and respira-
tion). To each category is given a numeric point from 0 to 4 (as shown in Table 3.2); 
the total score ranges from 0 to 16. In comparison to GCS, FOUR score evaluates 
essential brain stem reflexes and provides information about brainstem injury. 
FOUR score allows the recognition of locked-in syndrome and persistent vegetative 
state. In addition to the aforementioned scale, specific scores were developed to 
assess ischaemic stroke, subarachnoid haemorrhage and intraparenchymal 
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haemorrhage (ICH). The National Institutes of Health Stroke Scale (NIHSS) 
assesses the severity and the possible location of the stroke [16]. The NIHSS is a 
15-item test, and it ranges from 0 to 42, and it is strongly associated with outcome. 
Even more, NIHSS represents a valid aid to identify those patients who are likely to 
benefit from reperfusion therapies and those who are at higher risk of developing 
complications. The Hunt and Hess Scale is used to grade the severity of a subarach-
noid haemorrhage based on the patient’s clinical condition. The scale correlates 
with patient’s prognosis and outcome [17]. The World Federation of Neurosurgical 
Societies classification was developed as an alternative to Hunt and Hess scale. This 
score combines consciousness and motor deficit [18]. The ICH score was developed 
to provide a clinical grading scale for ICH and provide 30-day mortality [19]. The 
variables included in the ICH score are GCS, age, infratentorial origin (yes/no), 
ICH volume greater than 30 mL (yes/no) and intraventricular haemorrhage (yes/
no). A score greater than 5 correlates with a bad outcome.

Table 3.1 Glasgow Coma Score Pupils Score (GCS-P)

GCS-Pupils Score (GCS-P)

Motor response Verbal response Eye opening

Pupils 
Unreactive to 
Light (PRS)

Obeying commands 6 Orientated response 5 Spontaneous 4 Both pupils 2
Localized to pain 5 Confused 

conversation
4 In response to 

speech
3 One pupil 1

Flexion/withdraws to 
pain

4 Inappropriate words 3 To pain 2 Neither pupil 0

Abnormal muscle flexing 
to pain stimuli

3 Incomprehensible 
sounds

2 None 1 // //

Extension to pain stimuli 2 None 1 // //
None 1 // //
GCS-P = GCS − PRS
GOS
Dead 1
Vegetative state 2
Severe disability 3
Moderate disability 4
Low disability 5
GOS-E
Dead 1
Vegetative state 2
Lower severe disability 3
Upper severe disability 4
Lower moderate disability 5
Upper moderate disability 6
Lower good recovery 7
Upper good recovery 8

The GCS-P is calculated by subtracting the Pupil Reactivity Score (PRS) from the Glasgow Coma 
Scale (GCS) total score. The Glasgow Outcome Scale Score (GOS) and the Glasgow Outcome Scale 
Score Extended (GOS-E) allow the objective assessment of patient’s recovery after a brain injury
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3.2.2  ICP Monitoring

Intracranial pressure (ICP) monitoring is vital to orientate clinical management 
and to detect life-threating complications [20]. This invasive monitoring is indi-
cated when there is a high risk of elevated ICP based on clinical and imaging find-
ings. Elevated ICP can result from any mechanism that increases the volume of the 
three intracranial components (i.e. brain tissue, blood, cerebrospinal fluid-CSF). 
When the compensatory system responsible for maintaining a stable ICP is 
depleted, the consequence of elevated ICP could be represented by cerebral isch-
aemia and/or cerebral herniation [2]. Consequently, the early identification and 
treatment of these complications are essential to prevent an irreversible secondary 
cerebral insult. However, ICP monitoring has to be evaluated in a context of a 
multimodal monitoring that involves neurological assessment, radiological imag-
ing and other invasive and noninvasive monitoring. In fact, any therapeutic inter-
vention that aims to lower ICP has potential side effects (e.g. hyperventilation/
cerebral ischaemia, barbiturates/infection), consequently, it is fundamental to 
identify the precise aetiology of ICP increase and tailor to each patient the thera-
peutic option [7, 21]. Even more, to highlight the importance of a multimodal 

Table 3.2 The Full Outline of UnResponsiveness (FOUR) score is a 17-point, assessing eye 
responses, motor responses, brainstream reflexes and breathing pattern

FOUR score
Eye opening
Open eyes spontaneously, tracks, blink to command 4
Eyelids open but not tracking 3
Eyelids closed but open to loud voice 2
Eyelids closed but open to pain 1
Eyelids remain closed with pain 0
Motor response
Thumbs-up, fist or peace sign 4
Localizing to pain 3
Flexion response to pain 2
Extension response to pain 1
No response to pain or generalized myoclonus status 0
Brainstem reflexes
Pupil and corneal reflexes present 4
One pupil wide and fixed 3
Pupil or corneal reflexes absent 2
Pupil and corneal reflexes absent 1
Absent pupil, corneal and cough reflex 0
Respiration
Not intubated, regular breathing pattern 4
Not intubated, Cheyne–Stokes breathing pattern 3
Not intubated, irregular breathing 2
Breathes above ventilator rate 1
Breathes at ventilator rate or apnoea 0
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monitoring, brain metabolism may be altered (e.g. evaluated with jugular bulb 
catheters or PbtO2) with a normal ICP and cerebral perfusion pressure (CPP) [22]. 
At the same time, the presence of mass lesions, midline shift or effacement of the 
basilar cisterns on a computed tomography (CT) scans may suggest an elevated 
ICP; however, patients without these finding on the basal CT scan may develop an 
altered ICP. In fact, brain injury is a dynamic state, and patients may develop CT 
scan abnormalities within the first hours or days after trauma or the insult; conse-
quently, it is vital to monitor ICP to maintain strict surveillance. These evidences 
stress the importance of a multimodal approach, of the continuing ICP monitoring 
and the role of follow-up evaluation.

Intracranial hypertension is defined as an ICP > 20 mmHg [23]. However, the 
threshold that defines intracranial hypertension has been debated and moved from 
ages [22, 24, 25]. However, it is well recognized that not only an absolute value but 
also the trend over time and waveform analysis of ICP are important aspects that 
have to be analysed and are associated with outcome [26, 27]. Information that can 
be derived by ICP waveform analysis includes CPP, regulation of cerebral blood 
flow, cerebral compliance and brain compensatory reserve [28]. Only a single 
value of ICP cannot be considered a realist ICP. In fact, ICP is not a static value, 
and it is influenced by cardiac contraction, respiration and intracranial compliance. 
Consequently, mean ICP is derived by the average of at least 30 min of ICP wave-
form analysis [29].

The ICP waveform consists of three components that can be analysed in their 
different frequency domain:

• Respiratory waveform (influenced by the respiratory cycle);
• Pulse pressure waveform (heart rate);
• Vasogenic waveforms (Plateau waves or pathological A waves, B waves).

The compensatory reserve and regulation can be obtained by the analysis of 
these waveforms. The pulse pressure waveform can be subdivided into three com-
ponents (i.e. P1, P2, P3) [30]. P1 is generated by systolic pulse wave. P2 reflects 
cerebral compliance. P3 reflects the closure of the aortic valve. The increase in the 
P2 component of the pulse pressure waveform is associated with elevated ICP and 
reduction in intracranial compliance. Furthermore, data processing systems allow 
the calculation of ICP-derived index, allowing a deeper understanding of ICP regu-
latory process. Cerebrovascular compensatory reserve (RAP) is an ICP-derived 
index and represent the correlation between pulse amplitude (AMP) and mean ICP 
[31]. Pulse amplitude (AMP) is evaluated with spectral analysis of arterial cycle; 
high AMP is associated with low compliance. Generally, 40 samples of AMP and 
ICP are obtained over a period of 6–10s. A RAP equal to 0 represents a good com-
pensatory reserve, whereas a RAP equal to 1 indicates a low compensatory reserve. 
When ICP continues to increase, RAP becomes negative, showing an exhausted 
cerebral compensatory reserve. Furthermore, pressure reactivity index (PRx) is 
another ICP-derived index that allows the assessment of cerebral autoregulation 
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[32]. PRx is the time-averaged correlation coefficient between mean ICP and mean 
arterial pressure (MAP). A positive PRx reflects impaired autoregulation, while a 
negative PRx indicates a normal autoregulation capacity. Moreover, PRx plotted 
with CPP, in a 6-h time window, can allow the evaluation of optimal CPP value. This 
estimation allows an CPP oriented therapy to avoid too low CPP (with consequent 
cerebral ischaemia) or too high CPP (with consequent of hyperaemia and ICP 
increase) [33]. ICP, RAP and PRx indices are independent well-recognized predic-
tors factor of outcome [34].

Several devices are available for the measurement of ICP, associated with spe-
cific advantages and disadvantages. Regardless of the specific device, ICP monitor-
ing is associated with a risk of central nervous system (CNS) infection (risk increases 
the longer a device is in place), intracranial haemorrhage, displacement and acci-
dental removal [29]. The gold standard for ICP monitoring is considered the exter-
nal ventricular drain (EVD) [35]. The ventricular catheter is connected to a 
fluid-coupled external strain gauge. The intraventricular pressure equilibrates with 
the pressure into the catheter. In addition to ICP monitoring, EVD allows CSF 
drainage, consequently, it can be used as therapeutic option (e.g. hydrocephalus). 
Intraventricular monitoring has the advantage of accuracy; however, this device car-
ries the specific risk of haemorrhage during placement. In addition, blockage of the 
drainage system may occur with an obstacle in CSF drainage and possible worsen-
ing of hydrocephalus. ICP can also be measured using microtransducers, pneumatic 
sensors and fibre-optic sensors. These sensors can be placed in intraventricular, 
intraparenchymal, subarachnoid, and epidural compartment. Intraparenchymal 
devices carry a lower risk of infection and haemorrhage than with intraventricular 
device; however, with this device, it is not possible to drain CSF for diagnostic or 
therapeutic purposes [36].

3.2.3  Noninvasive Systems

As already stated, the gold standard for ICP monitoring is represented by the 
placement of an intraventricular catheter connected to an external pressure trans-
ducer; unfortunately, this invasive method is associated with potential risks (e.g. 
infection, haemorrhage, obstruction, difficulty in placement, malposition). In the 
last years, several noninvasive ICP monitoring systems have been studied [37]. 
None of these techniques can replace ICP monitors for ICP evaluation; however, 
they can be used to screen patients for elevated ICP. Even more, noninvasive meth-
ods can be used to monitor the clinical course of a patient with brain injury and to 
help the clinician in the decision to use an invasive measurement device or as fol-
low-up investigation. These diagnostic modalities provide non-continuous infor-
mation, and they can be performed rapidly at the bedside without the use of 
ionizing radiation or the need of surgical installation. The high safe profile (no risk 
of infection/bleeding or the use of ionizing radiation) and the increasing availabil-
ity make these methods appealing; however, they cannot completely replace 
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invasive methods. In fact, one single method does not provide complete informa-
tion on brain injury disease but has great potential when integrated into a multimo-
dality monitoring approach [38].

There are several noninvasive neuromonitoring techniques:

• Transcranial Doppler (TCD) and transcranial colour-coded duplex (TCCD): 
TCD is based on Doppler effect. TCD blindly identifies cerebral arteries through 
Doppler signal obtained and consequent spectral display [39]. Spectral analysis 
can then be performed to monitor the velocity of proximal cerebral circulation. 
The parameter obtained from TCD are peak systolic velocity, end-diastolic 
velocity, pulsatility index and time-averaged mean maximum velocity. The 
TCD evaluation of internal carotid artery allows the evaluation of Lindegaard 
ratio (i.e. mean velocity in the MCA/mean velocity in ipsilateral extracranial 
internal carotid artery), and it is used to discriminate between hyperaemia and 
vasospasm. TCD is most commonly applied in the setting of subarachnoid 
haemorrhage (SAH) to predict vasospasm (as shown in Fig.  3.1). However, 
TCD is also a reliable method to confirm brain death. Even more, blood flow 
responses to changes in blood pressure and in end-tidal CO2 can allow the eval-
uation of cerebral autoregulation and cerebral vasoreactivity, respectively [40]. 
On the other hand, TCCD allows the direct visualization of parenchymal struc-
tures and of the vessels, improving the angle corrected blood velocities [41]. 
TCCD combines pulsed wave Doppler with two-dimensional B-mode imaging. 
A 2.5 MHz probe is placed on transtemporal acoustic window to detect cerebral 
structures and circle of Willis. Other possible acoustic windows are represented 
by occipital, submandibular and transorbital window. TCCD-derived indices 
such as Gosling’s Pulsatility index and estimated CPP formula may provide 
bedside information in neurocritical ill patients. Even more TCCD can allow 
the direct detection of midline shift, intracranial masses and cerebral haema-
toma. TCCD can be also used for detect vasospasm, evaluate autoregulation and 
for noninvasive ICP and CPP estimation [42, 43]. Both TCD and TCCD are 
subjected to operator variability and failure to insonate temporal window (10% 
of cases).

• Ocular sonography: The optic nerve sheath is surrounded by the dura sheat and 
by the subarachnoid space containing CSF. Therefore, an increase in ICP can 
be transmitted through the subarachnoid space with a consequent dilatation of 
optic nerve sheath. Ultrasound evaluation of optic nerve sheath diameter 
(ONSD) can provide a noninvasive measure of optic nerve sheath diameter 
(Fig. 3.2), which has been found to correlate with ICP with a sensitivity of 0.9 
and a specificity of 0.85 [44]. A diameter >5–6 mm can be used to detect ele-
vated ICP [45]. Interestingly, a combination of optic nerve sheat diameter and 
venous transcranial Doppler are proposed for noninvasive ICP measure-
ment [46].
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Several other noninvasive ICP monitoring techniques have been studied (i.e. 
tympanic membrane displacement, tissue resonance analysis, anterior fontanelle 
pressure monitoring, tonometry); however, they are not widely implemented into 
clinical practice [35].

a

b

c

Fig. 3.1 Forty-two year-old patient with subarachnoid haemorrhage caused by ruptured aneu-
rysm. During the intensive care stay, he developed severe vasospasm. (a) CT scan showing cortico- 
subcortical ischaemia with haemorrhagic cortical infarction, midline shifts to the right of the brain, 
transtentorial and subfalcine herniation; (b) Angiographic vasospasm of left anterior (A1-2) and 
middle (M1-2) cerebral arteries; (c) TCD waveform analysis shows a severe vasospasm of the left 
middle cerebral artery (mean velocity > 200 cm/s)
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3.2.4  Advanced Monitoring

Multimodality brain monitoring includes also the evaluation of brain oxygen-
ation and cerebral metabolism. The evaluation of tissue oxygenation allows the 
understanding of intracranial oxygen supply and demand. The goal of the evalu-
ation of metabolic data, oxygen delivery and cerebral blood flow (CBF) is to 
identify and manage possible secondary brain injury. Brain oxygenation and 
metabolism measurements are recommended in patients at risk of ischaemia and/
or hypoxia [20]. One important limitation to take into account is that these tech-
niques represent focal metabolism measurement; consequently, the location of 
the probe and interpretation of the subsequent measurement have to be done 
based on probe location on post- insertion CT and the location of brain lesions. 
From this perspective, these techniques have to be integrated with other monitor-
ing modalities.

Such techniques include the following:

• Jugular venous oximetry (SjVO2):
SjO2 is obtained by performing a retrograde cannulation of the internal jugular 
vein. This parameter provides information on the balance between cerebral blood 
flow (CBF) and metabolic demand. Normal SjO2 is considered between 55 and 
75% [47]. SjO2 below 55% advises that the cerebral demand exceeds the supply, 
and this value is considered a threshold for ischaemia. On the other hand, 
SjO2 > 75% suggests hyperaemia. However, SjO2 can be influenced by several 
factors (e.g. anaesthetics drug, blood pressure, hyperventilation, anaemia), and it 
fails to detect regional changes. SjO2 represents a global evaluation of oxygen 
demand and supply; consequently, normal values of SjO2 do not warrant the 
exclusion of regional ischaemia [48].

Fig. 3.2 Ultrasound image 
of the optic nerve
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• Brain tissue oxygen (PbtO2) monitoring:
Brain tissue oxygen monitoring is the partial pressure of oxygen in the interstitial 
space. Normal PbtO2 is 25–35 mmHg. PbtO2 measurements are strongly influ-
enced by the distance from the site of focal injury. Tissue oxygen reactivity and 
oxygen reactivity index can be derived by PbtO2 monitoring. Tissue oxygen reac-
tivity can be calculated by the following formula: ([ΔPbtO2/ΔPaO2]/PbtO2 baseline) 
[49]. This parameter represents the relationship between PbtO2 and PO2. PbtO2 
varies in response to PaO2 changes in patients without cerebral injuries. Oxygen 
reactivity index represents the ability to maintain PbtO2 despite CPP variation, 
and it is used to assess the status of cerebral autoregulation [50]. A multimodal 
approach using PbtO2 and ICP monitoring led to a more favourable outcome [51].

• Cerebral microdialysis:
Microdialysis allows in vivo sampling of cerebral metabolites and provides con-
tinuous information on metabolic cerebral status [52]. This technique allows the 
measurement of extracellular glucose, lactate, pyruvate and glutamate. However, 
microdialysis consents the evaluation of regional metabolism. In particular, the 
evaluation of the site where the probe is placed. Consequently, the catheter 
should be placed in ‘at-risk’ tissue.

In this section, we have briefly described few techniques for advanced multi-
modal neuromonitoring. A comprehensive exposition about the advantages/disad-
vantages, clinical application/data interpretation and how to avoid pitfall of the 
aforementioned techniques and of other interesting methods (e.g. Thermal diffusion 
flowmetry, Near Infrared Spectroscopy—NIRS) is outside the scope of this chapter.

3.3  Treatment of the Intracranial Compartment Syndrome

The first approach to a patient with brain injury is to prevent any possible factor that 
may aggravate or precipitate HI. As already explained, several intracranial or extra-
cranial disease can be responsible for IH [1, 2]. Obstruction of venous return (head 
position, agitation), respiratory problems (airway obstruction, hypoxia, hypercap-
nia), fever, IAP, severe hypertension, hyponatremia, anaemia and seizure is possible 
reversible cause affecting ICP. Consequently, the first approach is to prevent and treat 
any trigger that can increase ICP [4–6, 53]. Then, medical management of increased 
ICP should include several lines of treatment (e.g. sedation, drainage of CSF and 
osmotherapy, barbiturate) that have to be chosen following a stepwise approach to 
therapy. This approach consists of escalating and deescalating treatment intensity on 
the base of the gravity of the medical condition and the response to therapy [54]. 
However, it is to keep in mind that in case of HI, the best therapeutic option is repre-
sented by the specific resolution of the cause of HI (e.g. evacuation of mass-occupy-
ing lesion, tumour resection, drainage of CSF in case of hydrocephalus).

HI is a medical emergency requiring a prompt diagnosis, treatment and close 
monitoring in Neurointensive care unit (NICU) [55]. As already stated, invasive ICP 
monitoring is indicated when there are high suspicions of intracranial hypertension, 
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based on clinical and imaging findings [20]. Furthermore, it is crucial to monitor 
patient vital signs (e.g. ECG, invasive blood pressure, body temperature, haemogas-
analysis, haemoglobin, blood glucose, diuresis). Unilateral or bilaterally fixed and 
dilated pupils, decorticate/decerebrate posturing, bradycardia, hypertension and 
respiratory depression are all signs suggesting elevated ICP during clinical evalua-
tion and requiring urgent intervention. Then, consider further neuromonitoring tests 
(e.g. repeat CT scan) to address specific aetiology.

ICP-directed therapies include the following:

• Head position: head-up elevate to 30° and neutrally positioned to optimize 
venous outflow and improve CSF flow;

• Haemodynamic stability: maintain a CPP 50–70 mmHg (depending on the auto-
regulatory status of the patient). Systemic hypertension may have a detrimental 
effect on ICP and may worsen cerebral oedema and increase the risk of intracra-
nial haemorrhage. However, the decision to treat systemic hypertension has to be 
tailored for each patient. In fact, in traumatic brain injury, an increase in systemic 
hypertension leads to an increase in ICP due to the loss of autoregulation. On the 
other hand, in patients with chronic hypertension, autoregulatory curve is right 
shifted, consequently, higher value of systemic pressure can be tolerated [56]. In 
case of the decision to treat systemic hypertension, short half-life drugs (i.e. 
clonidine) are to be preferred. Above all, large shifts in blood pressure should be 
minimized.

• Sedation and analgesia may prevent coughing and agitation. Even more, sedation 
and analgesia allow a better synchronism between the patient and the ventilator 
and enable seizure and systemic hypertension control. Furthermore, sedation has 
neuro-specific indications (i.e. reduction of cerebral metabolic rate of oxygen—
CMRO2). Up to now, there is no evidence on the superiority of one sedative agent 
in comparison to another [57]. Short-acting agents with minimal hypotensive 
effects should be preferred. In fact, these agents allow brief interruption of seda-
tion to evaluate neurological status with minimum impact on systemic 
haemodynamic.

• Mechanical ventilation (MV): MV can present a double effect on ICP. Positive 
mechanical ventilation increases ITP and can reduce venous return, increase 
cerebral venous pressure and ICP. Furthermore, positive MV may present a det-
rimental effect on systemic haemodynamic, decreasing intrathoracic venous 
blood return and consequently, reducing systemic blood pressure [58]. Then, 
altered ventilation can lead to hypoxia and hypercapnia which present a negative 
effect on ICP.  A balance between improving oxygenation without impact on 
cerebral haemodynamic is a crucial goal in neurocritical patients. Particular 
attention needs to be focused during recruitment manoeuvre. Furthermore, dur-
ing intubation manoeuvre, care should be taken to minimize further eleva-
tion of ICP.

• Normothermia: Fever increases metabolic rate, and it is a potent vasodilator [59]. 
Fever can increase CBF and increase ICP, worsening brain injury. Fever should 
be treated with antipyretics and fluids.
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• Seizures can increase metabolic rate and ICP and should be rapidly diagnosed 
and treated [60, 61]. Prophylactic treatment should be reserved for patients with 
specific risk factors (e.g. severe traumatic brain injury, brain contusion, subdural 
haematoma, depressed skull fracture, penetrating head wound, frontal and tem-
poral contusion). Seizures may be subclinical and can be detected only with 
continuous EEG [62].

• Crystalloids are considered the preferred maintenance fluids in neurocritical ill 
patients, and they have to be used as the first-line resuscitation fluids in patients 
with low blood pressure [63]. Patients should be maintained euvolemic with 
strict electrolytes and plasma osmolarity control avoiding the use of colloids, 
hypotonic solution and albumin.

In case of refractory IH:

• Osmotic therapy: A recent consensus suggested that osmotherapy should be 
started in case of clinical decline and ICP above 25 mmHg (weak recommenda-
tion) [63]. Mannitol (0.5–1 g/Kg) and hypertonic saline (3% solution, 2.5–5 mL/
Kg) can both be used empirically for ICP control [64]. They reduce intracranial 
volume thorough their osmotic properties. Important disadvantages to keep in 
mind is the hypotensive effects of mannitol. Even more, serum sodium, osmolar-
ity and renal function have to be monitored. On the other hand, hypertonic saline 
presents hypertensive, hypervolemic and haemodilution effects. Serum sodium 
needs to be monitored (possible risk of osmotic demyelination). A 2019 meta- 
analysis concluded that hypertonic saline seems to be preferred as osmotherapy 
ICP lower therapy in TBI patients [65].

• Hyperventilation should be chosen only as a temporary measure, due to the risk 
of cerebral ischaemia, and only in case of refractory ICP. The target is mild hyper-
ventilation (paCO2 30–32 mmHg); a more aggressive approach has to be avoided 
[66]. The effect of hypocapnia is rapid due to cerebral vasoconstriction and con-
sequent reduction in cerebral blood flow; however, it lasts only 4–6 h [21]. In case 
of hyperventilation, advanced monitoring (i.e. SjO2 and PtbO2) should be used for 
the evaluation of brain oxygenation and cerebral metabolism [67, 68].

• Barbiturates: Barbiturates suppress cerebral metabolism and reduce cerebral 
oxygen consumption [69]. These effects lead to a decrease in CBF, cerebral 
blood volume and ICP. However, barbiturates are associated with several adverse 
effects (e.g. cardiovascular instability, immune suppression, respiratory depres-
sion and paralytic ileus). Barbiturate should be considered only in patients with 
refractory HI [70].

• Decompressive craniotomy (DC) should be reserved when maximal medical 
management fails. In refractory intracranial hypertension, DC seems to improve 
outcome with a lower rate of severe disability [71, 72]. DC consists of the surgi-
cal removal of part of the skull allowing for herniation of brain through the bone 
with consequent pressure lowering. Possible complications are represented by 
infection, hydrocephalus, haemorrhage, subdural hygroma, herniation through 
the skull defect, seizure and CDSF fistulae [73].
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3.4  Conclusions

The intracranial compartment syndrome is a medical emergency that requires a 
rapid diagnosis and treatment. The main goal is to preserve cerebral blood flow and 
to prevent a secondary brain injury. Medical management should include several 
lines of treatment following a stepwise approach. Escalating therapy should be 
reserved to refractory elevated ICP that do not respond to first-line treatment. 
However, the gold standard is to identify specific aetiology of intracranial hyperten-
sion and, then, tailor the medical strategy. Neuromonitoring has a central role in the 
rapid detection of intracranial compartment syndrome. In the last year, several mon-
itoring techniques have gained importance. Future challenges would be represented 
by the integration of data gathered by different sources through computer-assisted 
methods. This multimodality monitoring would provide the clinician with real-time 
information on a dynamic cerebral state.
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Definition, Pathomechanism of the 
Thoracic Compartment Syndrome

Eric M. Shurtleff and Joseph M. Galante

4.1  Introduction

Compartment syndrome can occur in any anatomical compartment when intra- 
compartmental pressure exceeds the perfusion pressure of the tissue or organ within 
that compartment [1]. The more common abdominal compartment syndrome is 
extensively described, and various principles of management are well established. 
Abdominal compartment syndrome manifests clinically with increased peak airway 
pressures, hypotension due to decreased venous return to the heart via a compressed 
inferior vena cava, increased bladder pressure, and renal impairment. Thoracic com-
partment syndrome (TCS) is simply this same pathophysiology in the mediastinum, 
pericardium, or pleural space(s). TCS can result from massive resuscitation or sec-
ondary to injuries such as tension pneumothorax or pericardial tamponade.

Tension pneumothorax clearly illustrates the basic pathophysiology underlying 
TCS: increased intrathoracic pressure compromises venous inflow into the right 
heart, subsequently decreasing blood flow through the pulmonary vasculature into 
the left heart, resulting in cardiopulmonary collapse.

TCS due to sternotomy or thoracotomy closure is among the most elusive of the 
TCSs, but when present has profound effects on clinical course and patient survival. 
While similar in terms of venous inflow compromise to abdominal compartment 
syndrome, TCS due to chest closure is a rare clinical entity, and its management is 
not well defined. This type of TCS is most prevalent in cardiothoracic and pediatric 
surgery, however still relatively rare, with approximately 200 cases reported in the 
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adult cardiothoracic literature. The overall incidence of delayed sternal or thora-
cotomy closure, a primary risk factor for thoracic compartment syndrome, is esti-
mated at 1.5–2.8% in the adult cardiothoracic surgery population [2].

In cardiothoracic surgery, TCS typically presents with increasing airway pres-
sures and tamponade physiology on attempted chest closure. This phenomenon is 
not unique to non-traumatic cardiothoracic surgery and may develop in attempted 
chest closure for traumatic injury as well, particularly in cases where myocardial 
and pulmonary edema are present. Additionally, TCS may not develop at the time of 
operation, but can present hours to days postoperatively [2].

4.2  Definition of Thoracic Compartment Syndrome

Thoracic compartment syndrome (TCS) is defined as any process by which 
increased pressure in the mediastinum, pericardium, or pleural space(s) compro-
mises tissue and organ perfusion within that space. Multiple spaces within the tho-
rax may be affected simultaneously. It is similar to abdominal compartment 
syndrome (ACS) in that increased compartmental pressure compromises blood flow 
through a large venous conduit, i.e., the inferior vena cava is compressed in ACS, 
and both the inferior and superior vena cavae are compressed in TCS, leading in 
both cases to severely decreased blood flow.

In general, traumatic TCS is precipitated by tension pneumothorax, pericardial 
tamponade, or myocardial edema, illustrated in Fig. 4.1; the hemodynamic effects of 
these processes are quite similar. In fact, the hemodynamic changes seen in pericar-
dial tamponade and in myocardial edema are essentially the same, but differ in etiol-
ogy and the thoracic compartments involved: in pericardial tamponade the pericardial 
compartment is primarily involved, while in myocardial edema there is typically 
more generalized elevation of the mediastinal, pericardial, and hemi-thoracic com-
partments. There are a few significant differences that delineate tension pneumotho-
rax from pericardial tamponade and myocardial edema. One significant difference is 
that the pulmonary artery pressure is elevated in tension pneumothorax, while in 
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Fig. 4.1 Pathophysiologic alterations in thoracic compartment syndrome
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pericardial tamponade and myocardial edema it is decreased. This occurs because in 
tamponade and myocardial edema the entire heart is externally compressed and the 
right ventricular ejection fraction is low, whereas in tension pneumothorax, compres-
sion of the lung induces marked pulmonary hypertension and compromises compli-
ance of the pulmonary vasculature. A second difference is that in pericardial 
tamponade and myocardial edema, the left atrial wedge pressure is elevated, while in 
tension pneumothorax it can be elevated or decreased. This is due again to direct 
external compression of the heart seen in pericardial tamponade and myocardial 
edema, whereas in tension pneumothorax there is poor left heart filling due to 
decreased pulmonary vascular flow in addition to external compression.

4.3  Pathophysiology of TCS

In its simplest form, TCS is compressive compromise of venous return. The patho-
physiology of tension pneumothorax arises primarily from this loss of venous inflow 
into the chest. In tension pneumothorax, increased hemi-thoracic pressure shifts the 
heart and mediastinum to the contralateral side, which compresses the inferior and 
superior vena cavae, compromising right atrial and ventricular filling and therefore 
end diastolic volumes. Collapse of the ipsilateral lung and compression of the con-
tralateral lung increase pulmonary vascular resistance, impeding right ventricular 
outflow. This combination of pressure effects—inferior and superior vena cavae 
compression, increased pulmonary vascular resistance, and decreased right atrial 
and ventricular volumes—results in profoundly decreased right ventricular output. 
Compromised right cardiac output results in impaired pulmonary vascular filling 
and flow, which manifests in the left heart as markedly decreased left atrial filling 
volume. The increased intrathoracic pressure also adversely affects left atrial vol-
ume (Fig. 4.2) [3].

In pericardial tamponade (and in myocardial edema), venous return is also com-
promised by compression of the superior and inferior vena cavae, but in addition 
there is twofold compression of both ventricles and subsequent impaired myocar-
dial perfusion. Vena cava compression significantly decreases right heart output by 
restricting blood volume flow into the right atrium. External compression of the 
right ventricle further limits the volume of blood that can be delivered into the pul-
monary vasculature, which in turn decreases left atrial filling volumes and therefore 
left ventricular output, with concomitant external compression of both chambers by 
pericardial fluid. The resultant decreased cardiac output leads to decreased blood 
pressure, coronary perfusion, and myocardial ischemia [3].

Myocardial edema due to acute ventricular dilatation, often coupled with trau-
matic pulmonary edema, can cause elevated compartmental pressures in the pericar-
dium, mediastinum, and involved hemithorax [4]. In this setting, attempts to close 
the chest can induce tamponade physiology. Pulmonary edema increases mediasti-
nal pressure, and, coupled with increased cardiac size due to edematous ventricular 
dilatation causes what is essentially pericardial and mediastinal loss of domain. This 
was first described in 1975 by Rahi et al. as “tight mediastinum” following pro-
longed cardiothoracic surgeries [5]. Attempts to return the heart to the pericardium 
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and to reduce the mediastinum cause decreased venous inflow from the superior and 
inferior vena cavae, which reduces diastolic volumes, compromising cardiac output, 
and precipitating hemodynamic collapse [4, 6].

The primary causes of prolonged open thoracotomy or sternotomy in cardiotho-
racic surgery are coagulopathy and uncontrolled bleeding, followed by cardiomeg-
aly, decreased pulmonary compliance, and edema [4]. These processes are certainly 
present in chest injury, and case reports of traumatic TCS are consistent with the 
major causes of TCS described in the cardiothoracic literature [4, 6]. An additional 
factor seen in trauma that contributes to TCS and failure to close the chest is the 
massive resuscitation typically required in severe chest injury. The relative paucity 
of traumatic TCS case reports attests to the injury severity sustained by these 
patients, with their high mortality likely precluding even an attempt at delayed tho-
racic closure [4].

While management of traumatic TCS is evolving, several principles of abdomi-
nal compartment syndrome management do generalize to TCS. Stabilization and 
improvement of cardiac output, normalizing cardiac filling pressures and improving 
lung function prior to an attempt at thoracic closure are critical, as well as stabiliz-
ing other failing organ systems. Once this has been achieved, minimizing edema 
and volume overload in the massively resuscitated patient with aggressive diuresis 
or renal replacement therapy is critical [2]. Detailed descriptions of the technical 
aspects of thoracic closure in the face of TCS are beyond the scope of this chapter, 
but commonly used methods are skin flap closure over the sternotomy without fixa-
tion and synthetic prosthesis interposition if TCS prevents re-approximation of the 
sternum or thoracotomy [2].

Fig. 4.2 Right-sided 
tension pneumothorax: The 
image demonstrates 
marked mediastinal shift 
away from the affected 
right hemithorax, including 
the superior vena cava 
(SVC), an inferior vena 
cava (IVC), total collapse 
of the ipsilateral lung, and 
compression of the 
contralateral lung
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4.4  Conclusion

TCS in trauma is a life-threatening process with a spectrum of etiologies, including 
tension pneumothorax, pericardial tamponade, myocardial, and pulmonary edema. 
Compression of venous return is the essential pathophysiology underlying all of the 
TCS causes listed above. TCS in trauma is associated with high injury severity and 
overall mortality. Current management involves emergent tube thoracostomy for 
tension pneumothorax, pericardial decompression via pericardiotomy, and thoracic 
skin closure without fixation of the sternum with or without prosthetic for tampon-
ade on attempted chest closure, induced by myocardial and pulmonary edema. 
Ultimately, as with all compartment syndromes, TCS will persist until the underly-
ing pathophysiology is treated.
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5.1  Thoracic Compartment Syndrome

Compartment syndrome is a well-described phenomenon originally reported in the 
osteofascial space in orthopedic injuries [1]. It represents a process wherein tissue 
pressure exceeds capillary perfusion pressure within a confined anatomic space 
with resultant ischemia, necrosis, and organ dysfunction [2]. This process can occur 
in any body cavity constrained by fascia, including the abdomen, thorax, and 
extremities [2, 3]. The occurrence of this syndrome in the thoracic cavity was origi-
nally described in 1975 as a “tight mediastinum” following prolonged cardiac sur-
gery [4]. It was later described in the trauma population secondary to a gunshot 
wound through the thorax [5].

By definition, thoracic compartment syndrome (TCS) implies an increase in 
intrathoracic pressure beyond tissue capillary perfusion pressure to the intrathoracic 
structures, such as the lungs, heart, and esophagus, with resultant organ ischemia 
and dysfunction. The syndrome may be manifested by increased peak, plateau, and 
mean airway pressures and decreased chest wall compliance [2, 6]. There are two 
main etiologies. Firstly, prolonged cardiac surgery may cause myocardial edema, 
mediastinal hematoma, pulmonary edema, or acute ventricular dilation, which 
results in cardiac tamponade physiology. Secondly, TCS may be precipitated by an 
accumulation of air or fluid within the thoracic cavity either by trauma, iatrogenic 
causes, or spontaneously.

The first description of TSC was originally published by Riahi et al. in 1975 [4]. 
They described the development of cardiac tamponade following closure of the ster-
num at the conclusion of prolonged open-heart surgery, most commonly in patients 
undergoing valvular procedures in the setting of cardiomegaly. Closure precipitated 
a decrease in arterial blood pressure and an increase in central venous pressure, 
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which reversed by reopening of the sternum. They further describe resolution of 
hemodynamic instability with reopening of the sternum and delayed closure. Since 
this early description, TCS has been reported in adults and children undergoing 
cardiac surgery [3]. The mainstay of management of these patients has been an open 
chest with delayed closure. Initial concerns regarding mediastinal infections and 
sternal complication have been abated by low incidence rates [7–9].

TCS was first described in the non-cardiac surgery population in 1996 [5]. A case 
report by Kaplan et al. presented a 15-year-old male who sustained a single gunshot 
wound (GSW) to the left back and required a resuscitative left anterolateral thora-
cotomy, which was extended to a clamshell incision. The patients underwent evacu-
ation of left hemothorax, evacuation of tense hemopericardium, and repair of two 
cardiac wounds in the emergency department, all while receiving open cardiac mas-
sage, massive transfusion of blood products, and vasopressor support. Eventually 
the patient was transferred to the operating room for definitive repair of an ascend-
ing aortic arch injury. At the cessation of the procedure, it was noted the patient’s 
tissues were very edematous, secondary to local trauma, cardiac massage, cardiac 
defibrillation, and massive volume resuscitation. At time of closure of the left thora-
cotomy, the patient’s arterial saturation dropped to 52%, mean and peak airway 
pressure increased dramatically leading to hypotension and asystole. The chest was 
emergently reopened and sinus rhythm was achieved. However, a second attempt at 
closure led to recurrence of hemodynamic collapse. Due to an inability to safely 
close the chest, the patient was taken to the ICU with packing in place for further 
resuscitation and correction of metabolic abnormalities. The patient underwent 
delayed closure of the chest once his core temperature, blood lactate level, and 
coagulation profile had returned to normal.

Although additional reports of noncardiac surgery-related TCS have been pub-
lished, thoracic compartment syndrome still remains a rare entity in trauma patients 
[10–12]. This is likely due to high mortality rates associated with severe thoracic 
injuries [6]. The mainstay of management of the rare entity TCS in the trauma patient 
involves immediate decompression of the thoracic cavity and delayed closure.

5.2  Damage Control Surgery in Thoracic Trauma

5.2.1  Damage Control Surgery

The lethal triad of acidosis, coagulopathy, and hypothermia has long been recog-
nized to increase the risk of mortality in severely injured trauma patients [13]. 
Traditionally patients would undergo prolonged procedures to identify and repair all 
injuries at a single operation. Many of these patients, however, would die in the 
operating room or in the intensive care unit (ICU) secondary to physiological 
derangements. In an attempt to avoid lengthy operations in hemodynamically unsta-
ble patients who have sustained significant blood loss, surgical management of 
these patients has evolved from a single extended, definitive operation to a staged 
approach allowing for appropriate resuscitation known as damage control surgery 
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(DCS) [14–16]. A common definition of DCS is a “multistep operative intervention, 
which included a brief initial surgical procedure that aimed to control mechanical 
bleeding, a massive air leak, and/or gross contamination” [17].

The core principle of DCS is to identify and address only life-threatening inju-
ries in an abbreviated manner at the time of index operation and delay treatment of 
non- life- threatening injuries in severely injured patients until a later operation 
while they undergo correction of blood loss, coagulopathy, hypothermia, and aci-
dosis [18]. Application of DCS has most commonly been for patients with major 
abdominal trauma and has resulted in marked improvement in mortality rates [15, 
19, 20]. The specific stages for DCS and their objectives have been well outlined 
in literature [21–24]. Stage 1 (DC1) involves immediate laparotomy for control of 
exsanguination and contamination. In stage 2 (DC2), patients are transferred to the 
ICU to address hemodynamics and physiologic derangements. In stage 3 (DC3), 
patients undergo single or multiple reoperations for definitive management of 
abdominal injuries, management of non-life-threatening injuries, and closure of 
the abdomen.

5.2.2  History of Damage Control Surgery in Thoracic Trauma

The concepts established in abdominal DCS can also be applied in the thoracic cav-
ity; however, the principles and objectives of thoracic damage control surgery 
(TDCS) have not been as clearly defined. The principles of rapid control of exsan-
guination, control of contamination, and temporary closure are similar in the two 
cavities. In the abdomen, DCS focusses on temporizing injuries with delayed defini-
tive management, such rapid division and excision of bowel with re-anastomosis at 
a later operation. In the chest, however, the emphasis is on performing quick and 
simple definitive procedures that immediately threaten the patient’s life in lieu of 
more complex anatomic resections. Rapid management of thoracic injuries was first 
described 1994 [14, 25]. Maneuvers to quickly address thoracic injuries in hemody-
namically and physiologically stressed patients included packing of the pleural cav-
ity and nonanatomic pulmonary parenchymal resections [26, 27]. Over the next few 
years, additional reports described pulmonary tractotomy and hilar twist proce-
dures. Currently, there are a variety of damage control techniques that can be applied 
to thoracic injuries in polytrauma patients; these are outlined in Table 5.1.

Table 5.1 Interventions in 
damage control surgery for 
thoracic trauma

Pneumonorrhaphy
Pulmonary tractotomy
Pulmonary wedge resection
Rapid, simultaneously 
staple pneumonectomy
Drainage of esophagus and 
pleural space
Mediastinal packing
Pleural packing
Temporary thoracic closure
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5.2.3  Objectives of Damage Control Surgery in Thoracic Trauma

The purpose of damage control in the thoracic cavity is similar to DCS in the 
abdominal cavity: management of life-threatening injuries in an abbreviated fashion 
to facilitate adequate resuscitation and normalization of metabolic status in the 
ICU. The objectives fall into three main categories:

 1. Cessation of hemorrhage
 2. Control of hollow viscus injuries
 3. Intrathoracic packing and temporary closure

5.2.4  Methods of Damage Control Surgery in Thoracic Trauma

5.2.4.1  Incisions and Gaining Access to the Chest
For a multitude of reasons, deciding upon the most suitable incision and approach 
for major thoracic injuries can at first seem challenging. Patients are often in extre-
mis, there are often competing injuries, patients are positioned supine, there may be 
hemoptysis, lung isolation is not present, surgeon comfort with thoracotomies, 
intrathoracic anatomy and the associated instruments is often lacking. As a general 
rule, we advocate making a large anterior thoracotomy in approximately the fourth 
or fifth interspace in the inframammary crease, with liberal use of a transverse ster-
notomy with a saw or knife extended into a clamshell if required. This is typically 
done on the left and then extended to the right, but clearly it should be placed on the 
side suspected of harboring greatest injury [28]. The clamshell incision allows for a 
generous exposure to most intrathoracic structures. The median sternotomy should 
be reserved for cases wherein the surgeon has a high degree of confidence of a medi-
astinal or cardiac injury as it is limited by poor exposure to the remaining thorax. A 
posterior thoracotomy, although superb for elective intrathoracic exposure, is gener-
ally not appropriate for the critically ill and undifferentiated major thoracic trauma 
patient. It adds a layer of complexity and risk that is rarely appropriate.

5.2.4.2  Lung Parenchymal Injuries
Patients with serious parenchymal injuries may present with a hemothorax and 
varying degrees of hemodynamic instability. Patients necessitating an operative 
intervention will likely have a massive hemothorax apparent on chest X-ray or pro-
fuse bleeding from a thoracostomy tube. Upon entry into the chest, the initial objec-
tive should be rapid evacuation of blood followed by identification of bleeding.

A variety of surgical techniques are available to tackle lung parenchymal inju-
ries. In a polytrauma patient, the objective should be to expediently address the 
injury with minimal disruption to normal lung tissue. Possible maneuvers include 
pneumonorrhaphy, pulmonary tractotomy, pulmonary wedge resection, packing, 
and rapid, simultaneously stapled pneumonectomy [29].

Pneumonorrhaphy describes the process of ligating injured vessels or small 
bronchi within the lung parenchyma [30]. Firstly, the lung must be stabilized in 
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some fashion, such as with atraumatic lung clamps, such as Duval lung clamps. 
Secondly, gentle retraction and suction within the injury may expose bleeding ves-
sels and leaking bronchi. These can be subsequently ligated using absorbable suture. 
Finally, edges of the parenchymal wound are approximated with a running suture. 
Often the injured surface bleeds diffusely, and simple en masse ligation with a run-
ning monofilament absorbable suture is most effective.

Pulmonary tractotomy is a surgical technique to manage through-and-through 
penetrating injuries of the lung parenchyma [30–33]. The first step in performing a 
tractotomy is to identify the entry and exit wounds of the penetrating injury. 
Atraumatic Duval lung clamps are placed parallel to the injury tract. The intraparen-
chymal component of the injury is then exposed by placing and firing a cutting linear 
stapler through the opening of the tract. The exposed parenchyma should subse-
quently be inspected for bleeding and air leaks, which should be ligated individually. 
Once the bleeding vessels and air leaks are controlled, the previously divided lung 
can be left splayed open or reapproximated with a running suture. This is one of the 
most commonly performed DCS maneuver in major trauma centers [26, 27].

Pulmonary wedge resection represents nonanatomic sublobar resections [29, 34, 
35]. This procedure can be accomplished quickly with a cutting linear stapler. The 
injured parenchyma is identified by localizing bleeding or air leak. The involved 
lung is quickly transected and resected with adequate control of bleeding and air 
leak. This procedure is most appropriate for superficial parenchymal injuries; how-
ever, some deeper injuries may also be managed with a wedge resection. For inju-
ries requiring a large sublobar resection, it is imperative to inspect the staple line for 
hemostasis and pneumostasis. In extreme cases, where the injury extends into the 
center of an anatomic lobe, a rapidly stapled deep wedge resection/lobectomy can 
be utilized. Unfortunately, the lung parenchyma in these situations are often con-
gested, fragile, and under positive pressure ventilation, limiting the compressibility 
for the stapler cartridge to be safely applied.

A rapid, simultaneously stapled pneumonectomy is also often called a “trauma 
pneumonectomy” [36]. This is in contrast to an anatomic pneumonectomy per-
formed in an elective setting, whereby all arterial, venous, and bronchial structure 
are identified, isolated, and individually ligated. In a trauma pneumonectomy, the 
mainstem bronchus, the mainstem pulmonary artery, and the superior and inferior 
pulmonary veins are controlled en bloc with a single right-angle stapler cartridge. 
This dramatic procedure should be reserved for patients in extremis who have failed 
lung sparing surgical techniques as the mortality rates may be prohibitively high 
[37]. The high mortality from a trauma pneumonectomy is likely multifactorial in 
etiology. Patients may have decompensated significantly while the surgeons attempt 
lung sparing techniques of managing parenchymal injuries. Also, ligation of the 
pulmonary artery may lead to dramatic right heart failure and cardiovascular col-
lapse [38].

5.2.4.3  Hilar Injuries
Hilar injuries are associated with high mortality rates. Patients who present to the 
emergency department will often be in extremis due to massive blood loss into the 
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ipsilateral pleural space or pericardial tamponade depending on the proximity of the 
injury [39]. Initial operative management involves evacuation of blood. In the case 
of intrapericardial bleeding, an immediate pericardiotomy is required. Manual com-
pression of hilar bleeding is crucial. Once the bleeding is temporarily controlled, the 
surgeon must assess the injury to ascertain the extent of repair or resection required. 
If possible, a proximal cross clamp of the hilum to facilitate repair, or an emergency 
stapled pneumonectomy should be carried out without delay.

5.2.4.4  Cardiac
The severity of cardiac trauma can range widely [40, 41]. Blunt cardiac injuries are 
often mild and managed conservatively. Patients with penetrating cardiac trauma, 
however, are usually dead at the scene or present in extremis. The clinical presenta-
tion depends on whether the patient has cardiac tamponade due to bleeding into the 
pericardial sac or shock secondary to blood loss into the pleural space. These 
patients often require emergent operative intervention, usually via a resuscitative 
left anterolateral thoracotomy which may be extended into a clamshell incision.

Upon entry into the chest, a pericardiotomy should be performed taking care to 
avoid the phrenic nerve [40]. Once tamponade has been relieved, the heart should be 
inspected for injuries. Manual control of bleeding can be immediately accomplished 
by placing a finger over the injury site. A mechanism of temporary hemorrhage 
control includes placement of a Foley catheter into the wound with inflation and 
gentle traction of the balloon to occlude the wound. When placed into the atria, the 
Foley catheter may also be used for quick infusion of fluids and blood products. A 
skin stapler can also be used to rapidly approximate myocardial tissue. Once the 
patient is stabilized, cardiac wounds should be repaired with pledgeted, non- 
absorbable sutures taking care to avoid coronary vessels. In the case of ventricular 
septal defects, repair should not be attempted at the index operation as the repair 
may be complex, and a majority of these may close spontaneously [40, 42].

Injuries to coronary arteries are particularly difficult to treat. Patients may present 
with cardiac tamponade or myocardial infarction. Bleeding from a laceration of dis-
tal coronary vessel should be managed with ligation of the vessel in a damage control 
setting [43]. Injury to a proximal artery, especially in the setting of myocardial infarc-
tion, is a challenging problem and will require expertise of a cardiac surgeon [44]. 
Repair of these injuries is ideally via coronary artery bypass. An additional layer of 
complexity in decision-making is introduced if the patient’s hemodynamic instability 
is due to myocardial infarction, in which case the patient should be placed on cardio-
pulmonary bypass to facilitate definitive repair. This requires systemic anticoagula-
tion and may not be feasible in a massively injured patient. Coronary injuries and 
repair can be associated with mortality rates up to 40% [45].

5.2.4.5  Chest Wall
Damage control surgery for the chest wall can be divided into two categories: man-
agement of chest wall bleeding and temporary closure of the chest wall [39].

Chest wall bleeding can occur from several sources. When patients are in pro-
found shock, the source of bleeding from the chest wall may not be clearly visible. 
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For example, injured intercostal or internal mammary vessels may only bleed 
once the patient has been resuscitated. Regardless, initial attempts should be made 
identify and ligate the culprit vessel on the chest wall. In instances where the ves-
sel has retracted, a “U”-stitch can be placed around the rib to occlude the vessel at 
multiple points. In the cases of tissue loss, a Foley or Fogarty catheter can be 
placed and inflated to tamponade the bleeding vessel. When localized measures 
fail and the patient in decompensating from a metabolic stand point, thoracic 
packing may be appropriate [46]. This may be particularly helpful in difficult 
areas of the thoracic cavity such as the apex and the paravertebral space [47]. 
Placement of thoracic packing requires temporary closure of the chest and a 
relook thoracotomy [27].

Several techniques have been described to temporarily close the chest wall. 
Options include packing the chest with gauze pads and leave an open wound, clos-
ing the chest with a Silastic sheet, with or without intrathoracic packing, or closing 
the skin incision alone with or without packing. The clinical indications for per-
forming any of these maneuvers can include the surgeon’s discretion for the require-
ment of a second-look thoracotomy, the development of thoracic compartment 
syndrome upon attempted closure of the thoracic cavity, or the patient exhibiting 
evidence of metabolic exhaustion. The mortality and morbidity of these patients can 
be quite high. In a case series of 11 patients undergoing abbreviated thoracotomy 
with temporary closure of the chest wall, 4 patients died in the ICU within 24 h and 
7 survived [46]. Complications occurred in 100% of patients and included pneumo-
nia, empyema, wound infection, and one occurrence of mediastinitis. The authors 
note the patient with mediastinitis had a dehiscence of an esophageal repair and was 
likely not related to the temporary chest wall closure. All seven who survived the 
initial 24 h were discharged from the hospital.

5.2.4.6  Esophagus
Traumatic thoracic esophageal injuries are quite rare, occurring almost exclu-
sively in the setting of penetrating thoracic trauma [48]. In ideal circumstances, an 
esophageal injury is identified and repaired primarily. However, in the setting of a 
hemodynamically and metabolically challenged patient, this may not be the best 
option if simple sutures are inadequate. The DCS strategy of managing a trau-
matic esophageal injuries includes wide drainage of the pleural space and place-
ment of a nasoesophageal tube for decompression [24]. Definitive repair can be 
completed during phase 3 of DCS.  At the time of ultimate closure, thoughtful 
consideration must be given to the placement of a feeding jejunostomy tube to 
allow time for healing.

5.2.4.7  Diaphragm
Diaphragm injuries are unlikely to be the cause of hemodynamic instability. Instead, 
they may occur concurrently with other life-threatening injuries in a damage control 
setting. As such, surgeons should primarily address injuries that may lead to exsan-
guination or contamination initially. Once the patient has been stabilized, the dia-
phragm can be repaired in a non-emergent fashion.
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5.2.5  Indications for Damage Control Surgery 
in Thoracic Trauma

Once the benefits of DCS in abdominal trauma were well established, it was 
touted as the gold standard of management of patients with severe and multiple 
injuries [15]. It underwent widespread recommendation by trauma surgical soci-
eties and textbooks leading to a consequent extensive adoption by the early 2000s 
[14]. Recent studies, however, have examined its universally applicability, par-
ticularly in the setting improved resuscitation practices, and have reported over-
utilization of DCS techniques [49]. These reports highlight the need for patient 
selection to appropriately manage patients with damage control principles in 
order to minimize complications related to DCS.  Currently there are no clear 
guidelines regarding the indications for DCS in thoracic trauma. Expert opinion, 
however, suggests the indications included in Table 5.2 as appropriate for thoracic 
DCS [29].
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6.1  Introduction

Knowing and understanding the effects of intra-abdominal pressure (IAP) are cru-
cial to effectively manage critically ill and injured patients. Raised IAP, known as 
intra-abdominal hypertension (IAH), appears common in patients suffering from 
critical illness/injury. The pathophysiological consequences of IAH are complex: 
nearly every organ system may be affected through contiguous physical (polycom-
partment phenomenon) or biomediator (humoral and lymphatically-spread) effects. 
When IAH is sustained above 20 mmHg, and associated with new organ dysfunc-
tion, patients are diagnosed with abdominal compartment syndrome (ACS) [1, 2]. 
Although preventative, medical, and minimally invasive therapies are available, 
overt ACS is an emergency often warranting use of an open abdomen to decompress 
the abdominal cavity.
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In 2006, standardized definitions of IAH and ACS were proposed by the 
WSACS—The Abdominal Compartment Society [3, 4]. Practical working defini-
tions and later evidence-based management guidelines were felt critical to address 
the complex pathophysiologic challenges induced by these conditions [3, 4]. A nota-
bly missing topic from these highly referenced guidelines, however, is discussion of 
the relationship between IAH and the human microbiome, recognizing that humans 
are superorganisms, living in symbiosis with their gut microbiota. The symbiotic 
relationship between a healthy host human and a healthy microbiota within that host 
is critical for health. Given increasing basic science evidence that even modest IAH 
for short periods of time profoundly affect gut mucosa permeability, the presence of 
a dysbiome within a leaky gastrointestinal lining requires urgent study. Thus, the 
upcoming revisions of the Abdominal Compartment Society Consensus Guidelines 
will feature efforts to recognize the importance of new concepts regarding the human 
microbiome in critical illness, but remain grounded in established science.

6.2  Definitions

Internationally accepted definitions of the open abdomen (OA) and ACS are a rela-
tively new phenomenon, for which the former World Society of the Abdominal 
Compartment Syndrome (WSACS), now the Abdominal Compartment Society 
(ACS former WSACS), is most responsible for [3, 4]. In 2006, the WSACS first 
promulgated consensus working definitions to describe standardized measurement 
techniques and reference standards to define what was considered abnormally high 
IAP. Further, raised IAP was termed IAH, recognizing that previously there was 
much controversy as to how to numerically define this, as the literature had variably 
defined measurements ranging from 12 to 25 mmHg [2].

The WSACS proposed that IAH constituted a gradient from mildly to severely 
abnormal, and suggested a grading scale ranging from grades I to IV (Table 6.1) [2]. 
The same year as the first WSACS definitions were published, authors from the 
Trauma Association of Canada reported that there was no standardization of termi-
nology of the open abdomen, nor accepted guidelines for its use and attempted to 
survey their members to address these concepts [5, 6]. At this time, the concept 
known as the OA was previously referred to as laparostomy, temporary abdominal 
closure (TAC), “eteppenlavage”, or simply the “open abdomen” [7–11]. Therefore, 
the WSACS addressed this issue in 2013, by defining an open abdomen as a case in 
which a temporary abdominal closure was required due to the skin and fascia not 
being closed after laparotomy [1].

The challenging mandate of the 2013 WSACS—The Abdominal Compartment 
Society guidelines was to update the previous highly cited definitions and 

Table 6.1 Gradation of IAH 
as defined by the World 
Society of the Abdominal 
Compartment Syndrome

IAH is graded as follows:
Grade I, IAP 12–15 mmHg
Grade II, IAP 16–20 mmHg
Grade III, IAP 21–25 mmHg
Grade IV, IAP >25 mmHg
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guidelines in response to advances in science and practice in order to retain the 
highest level of relevancy [12]. After an extensive systematic review, and online and 
face- to- face expert collaboration and debates, only modest changes to the existing 
definitions were required. In addition to formally defining the open abdomen, other 
important definitions were given to address important pathophysiological concepts, 
including lateralization of the abdominal musculature, polycompartment syndrome, 
abdominal compliance [13], and an improved system of open abdomen classifica-
tion was given (in order to facilitate prognostication and comparison of cohorts of 
patients being treated with this technique between studies) [1, 14]. The most recent 
definitions are summarized in Table 6.2.

Table 6.2 Final 2013 consensus definitions of the World Society of the Abdominal Compartment 
Syndrome

No. Definition
Retained definitions from the original 2006 consensus statements [2]
1. IAP is the steady-state pressure concealed within the abdominal cavity
2. The reference standard for intermittent IAP measurements is via the bladder with a 

maximal instillation volume of 25 mL of sterile saline
3. IAP should be expressed in mmHg and measured at end expiration in the supine 

position after ensuring that abdominal muscle contractions are absent and with the 
transducer zeroed at the level of the midaxillary line

4. IAP is approximately 5–7 mmHg in critically ill adults
5. IAH is defined by a sustained or repeated pathological elevation in IAP ≥12 mmHg
6. ACS is defined as a sustained IAP >20 mmHg (with or without an APP <60 mmHg) 

that is associated with new organ dysfunction/failure
7. IAH is graded as follows:

  Grade I, IAP 12–15 mmHg
  Grade II, IAP 16–20 mmHg
  Grade III, IAP 21–25 mmHg
  Grade IV, IAP >25 mmHg

8. Primary IAH or ACS is a condition associated with injury or disease in the 
abdominopelvic region that frequently requires early surgical or interventional 
radiological intervention

9. Secondary IAH or ACS refers to conditions that do not originate from the 
abdominopelvic region

10. Recurrent IAH or ACS refers to the condition in which IAH or ACS redevelops 
following previous surgical or medical treatment of primary or secondary IAH or ACS

11. APP = MAP − IAP
New definitions accepted by the 2013 consensus panel
12. A polycompartment syndrome is a condition where two or more anatomical 

compartments have elevated compartmental pressures
13. Abdominal compliance is a measure of the ease of abdominal expansion, which is 

determined by the elasticity of the abdominal wall and diaphragm. It should be 
expressed as the change in intra-abdominal volume per change in IAP

14. The open abdomen is one that requires a temporary abdominal closure due to the 
skin and fascia not being closed after laparotomy

15. Lateralization of the abdominal wall is the phenomenon where the musculature and 
fascia of the abdominal wall, most exemplified by the rectus abdominis muscles and 
their enveloping fascia, move laterally away from the midline with time

ACS abdominal compartment syndrome, APP abdominal perfusion pressure, IAH intra-abdominal 
hypertension, IAP intra-abdominal pressure, MAP mean arterial pressure
Reproduced from Kirkpatrick et al. [1]
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6.3  Definitions for the Next Decade

While the methodology to derive the optimal guidelines to best define and guide 
clinical practice regarding IAH/ACS and the open abdomen for the next decade are 
being formulated now, they will need to incorporate working definitions of patho-
biological concepts regarding the microbiome. These include how to define and 
recognize the existence of a human pathobiome, and ideally how to quantify the 
degree and speed of transition between a healthy microbiome to a pathobiome, or at 
least how to begin to study these phenomena (Table  6.3). In health, the human 
“microbiota” refers to the communities of microbes (both commensal and patho-
genic bacteria, viruses, and fungi) that inhabit the human gastrointestinal tract. The 
term “microbiome” refers to the related genes, gene products (proteins, metabo-
lites), their community structure (distribution, diversity, evenness), and the environ-
mental characteristics they reside in, and constitute the complete full microbial 
ecosystem of the body [15]. The microbiome is characterized by a state of symbiotic 
homeostasis between the host, microbial commensals, and potentially pathogenic 
bacteria [16]. The composition and ecological structure of the microbiome are con-
tinuously evolving in response to environmental pressures (dietary intake, exposure 
to new microbes, antibiotics, etc.) as well as changes in host physiology [17]. A 
complex and diversified microbiome is advantageous, and it is important for regu-
lating many aspects of host physiology, including immune function, gut mucosal 
barrier integrity, nutritional and metabolic functions, as well as colonization resis-
tance against pathogens/infections [15, 18]. Dysbiosis defines a loss of microbial 
diversity and community structure that results in dysregulation of these physiologi-
cal systems, and the outgrowth and overrepresentation of potentially pathogenic 
organisms within the gut. Consequently, gut microbiome dysbiosis has been linked 
to an extensive list of disease states, ranging from gastrointestinal disorders, auto-
immunity, and infections, to cancer, metabolic syndrome, and neurological diseases 
[18, 19]. Severe Dysbiosis defines a state of catastrophic loss of microbial diversity 
during critical illness/injury [20]. While much remains to be learned about the 
impact of critical illness and extreme abnormalities of physiology on gut microbi-
ome composition and the resulting pathological host–microbial interactions, it is 
believed that that this process serves as a central driver of critical illness.

Table 6.3 Definitions related to the human microbiome and the pathobiology of intra-abdominal 
hypertension

Microbiome Aggregate of all microbiota that reside on or within human tissues and biofluids 
along with the corresponding anatomical sites in which they reside

Microbiota Ecological communities of commensal, symbiotic, and pathogenic 
microorganisms found in and on all multicellular organisms from plants to 
animals. Microbiota includes bacteria, archaea, protists, fungi, and viruses

Dysbiosis An imbalance between the types of organism present in a person’s natural 
microflora, especially that of the gut, thought to contribute to a range of 
conditions of ill health

Severe 
dysbiosis

Catastrophic loss of microbial diversity during severe critical illness/injury

Holobiont Assemblages of different species that form ecological units
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6.4  Pathophysiology of IAH and ACS

IAH can somewhat simply be equated with a state of malperfusion. ACS therefore 
represents the extreme end of a pathophysiologic spectrum beginning with normal 
IAP and proceeding through worsening grades of IAH [1], and thus increasing mal-
perfusion. We prefer the term “overt ACS” to describe a catastrophically ill/injured 
patient with severe IAH and new onset cardiorespiratory and/or renal failure. 
Although centered upon the abdominal cavity, the pathophysiology of IAH/ACS 
affects the entire body physically and biochemically. The effects of IAH/ACS are 
not limited to the intra-abdominal organs; they are enacted systemically through 
biomediator generation resulting in multiorgan dysfunction syndrome/multisystem 
organ failure and/or through polycompartmental pressure interactions [1, 3, 21].

The ACS has long been simplified as a physical phenomenon, being related to 
pathologically increased IAP which induces malperfusion and ischemia in addition 
to embarrassment of organ function. A classic description of overt ACS would 
report that the cardiac output is reduced owing to decreased preload and right heart 
volumes. Although increased systemic vascular resistance initially maintains appar-
ent blood pressure, decreases in preload from the pooling of blood in splanchnic and 
lower extremity vascular beds eventually lead to reduced central venous return [22–
26]. Cardiac underfilling also occurs despite apparently increased central hemody-
namic measurements (central venous pressure and pulmonary artery occlusion 
pressure).

The respiratory system is profoundly affected. Abdominal distention with IAH 
physically compresses the lungs especially at the bases creating a restrictive lung 
disease. As respiratory compliance decreases, mechanical ventilation with increased 
ventilatory pressures and decreased volumes becomes difficult [23, 27, 28]. The 
partial pressures of oxygen will decrease, and carbon dioxide will increase [28, 29]. 
Even modest IAH appears to exacerbate acute lung injury and the acute respiratory 
distress syndrome (ARDS). When IAP levels greater than 20 mmHg are applied to 
critically ill animals, a dramatic exacerbation of ARDS-associated pulmonary 
edema is evident [28, 30]. Furthermore, elevated IAP results in a stiffer chest wall 
with much lower transpulmonary pressures, and therefore less susceptibility to 
ventilator- induced lung injury [31, 32].

Oliguria is a common manifestation of the ACS, and the degree of renal dysfunc-
tion has a dose-dependent relationship with IAH [33–35]. These effects are exag-
gerated by hypovolemia and positive end-expiratory pressure [29, 36], and renal 
failure is often multi-factorial in critical care settings. Blood flow to the kidney 
operates in series, with a high-pressure capillary bed in the glomerulus having a 
mean pressure of about 60 mmHg although mean capillary pressure of the peritubu-
lar capillary system operates at a mean pressure of approximately 13 mmHg [37]. 
Such pressure and flow relationships make the kidney very susceptible to IAH, and 
the renal recovery after decompression may be dramatic [38].

Beyond the heart, lungs, and kidneys, almost every other organ system is altered 
by IAH, even if the effects are not obvious clinically. IAH appears to contribute to 
increased intracerebral pressure (ICP) via transmitted intrathoracic pressure [39, 
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40] to the extent that laparotomy has been reported to reduce ICP in patients with 
secondary ACS [41, 42]. Patients in shock are at a particularly high risk for splanch-
nic malperfusion because even modest elevations in IAP greatly reduce hepatic and 
splanchnic perfusion [43]. This effect is exacerbated by prior hemorrhage [44] and 
is observed at much lower IAPs than required to induce other clinical features of ACS.

6.5  Pathobiology of IAH/ACS

From a pathophysiology perspective, “ground zero,” or the epicenter of IAH, is the 
abdominal cavity, with the “fallout zone” being the entirety of the body. Evolutionary 
biology evolved a complex mammalian anatomy with the human holobiome being 
contained within the abdominal cavity within the gastrointestinal system (gut), 
which has a luxurious often redundant blood perfusion in health. Unfortunately, 
with critical illness and injury, a exponentially complex interplay of reduced gut 
perfusion due to shock, compartment induced vascular compression (related to the 
accumulation within the compartment of ascetic fluid, swollen viscera, and an 
edematous abdominal wall), and critical injury/illness-induced dysbiotic conditions 
may create the perfect storm of gut malperfusion-inducing dysbiotic conditions 
with a pathogenic microflora. This may induce translocation of pathogenic bacteria 
and their metabolic products to induce systemic inflammation.

As noted, owing to intra-compartment physiology, there is a marked reduction in 
perfusion to all the viscera inducing relative or actual organ ischemia related to 
intra-compartmental hypertension [45]. This ischemia initiates the inflammatory 
cascade of vasoactive biomediators common to sepsis. The effects of IAH on the gut 
are similar to those of prolonged hypoperfusion, and therefore these two issues are 
compounding. In the face of IAH, the damaged gut seems to act as a continued 
source of inflammation propagating the systemic inflammatory response syndrome 
and potentiating multiple organ dysfunction syndrome [46–48]. Even after resusci-
tation and normalization of hemodynamics, gut vasoconstriction persists and is fur-
ther exacerbated by IAH. Even relatively mild IAH (e.g., an IAP of 15 mmHg) has 
been reported to decrease intestinal microcirculatory blood flow, increase bowel 
wall permeability, and induce irreversible gut histopathological changes, bacterial 
translocation, and multiorgan dysfunction syndrome [49–51]. Prolonged gut hypo-
perfusion can precipitate a severe inflammatory response due to mobilization of 
damage-associated molecular patterns (e.g., high mobility group box 1, heat shock 
proteins, s100 proteins, nucleic acids, and hyaluronan), pro-inflammatory cyto-
kines, and other mediators [52].

This process itself may be exacerbated by a series of physiologic stresses associ-
ated with prior priming of the immune system elements, such that IAH/ACS will be 
potentiated due to sequential physiological “hits,” which produce a self- perpetuating 
process termed the “acute intestinal distress syndrome” [53, 54]. In the first hit, resus-
citation of patients in shock induces injury especially of the splanchnic circulation 
[49, 54, 55]. This “acute bowel injury” results in release of pro-inflammatory media-
tors into the peritoneum and systemic circulation, leading to neutrophil priming, 
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increased intestinal wall permeability, extravasation of fluid into the bowel wall and 
mesentery, translocation of intestinal bacteria, and absorption of bacterial endotoxin 
[50, 56–59]. In any subsequent hit such as a severe infection or delayed bleeding 
requiring further resuscitation, the resultant abdominal visceral edema leads to further 
IAH, compressing intra-abdominal lymphatics and resulting in a progressive visceral 
malperfusion, mucosa-to-serosa intestinal necrosis, a further increase in bowel wall 
permeability, and heightened bacterial translocation/endotoxin absorption and release 
of pro-inflammatory mediators [50, 56]. Such a two-hit theory may explain why 
patients without a primary inciting cause of shock (e.g., during elective abdominal 
wall reconstruction) may sometimes tolerate IAH/ACS better than predicted [60, 61], 
if they do not suffer a secondary insult in the postoperative period.

6.6  Gut Dysfunction in the Shocked State

Hemodynamic shock is believed to be a prototypical precipitating factor that induces 
gut hypoperfusion and ultimately initiates a chain of events ultimately resulting in 
the occurrence of the multiple organ dysfunction syndrome. This series of events has 
long been suspected to implicate the gut as the “motor of multiple organ failure” [62, 
63]. The initial insult to the gut lining is a result of splanchnic hypoperfusion and 
injury to the gut at the expense of other organ beds such as the heart and brain [1, 64]. 
Being metabolically very active, the gut mucosa is quite vulnerable. Despite even 
adequate resuscitation, the damage may be done in hours [49, 50], and the subse-
quent gut dysfunction promotes distant organ injury [1, 64]. This dysfunction likely 
results from mucosal ischemia, altered intestinal transit and luminal nutrient trans-
portation, and disuse-associated villus atrophy, which results in an overall reduction 
in mucosal surface area with loss of barrier function and increased permeability [64]. 
This specific sensitivity of the gut to ischemic injury in shock also correlates with a 
secondary sensitivity of the lungs to gut-mediated lung injury, as by the gut-lymph 
hypothesis which suggests that translocating and dead bacteria, cytokines, and che-
mokines actually travel to injury the lungs through the mesenteric lymphatics to 
induce acute lung injury and propagate further distant organ dysfunction [64, 65].

While the gut has been considered integral to the propagation of MODS for over 
50  years, when considering this gut motor theory for the next decade, a greater 
appreciation of the gut contents as a living holobiont interacting with the human 
host as an interactive unit will be required. It is not proven (but assumed) that the 
microbiome within is also profoundly and rapidly transformed into a pathobiome or 
dysbiome [66].

6.7  A Pressure-Cooked Motor of MODS?

We have previously speculated that IAH also potentiates multiple organ dysfunction 
syndrome, despite being a potentially treatable factor that is often ignored [3, 51, 67]. 
This can be conceptualized as placing the “motor” of multiple organ dysfunction 
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syndrome within a “pressure cooker” (abdominal cavity), with the capability to 
squeeze out perfusing blood and thus inducing ischemia to supercharge the develop-
ing injury to the gut. In experimental animal modest, what might erroneously be 
considered “mild” grade I IAH (15 mmHg) had profound effects on mucosal blood 
flow, which was reduced by 50% after only 4 h. When IAH was even more severe (in 
the range commensurate with abdominal compartment syndrome) (defined as IAP 
>20 associated with new organ failure)) [1, 68], there was profound injury to the gut.

6.8  Conclusions

The consequences of excessive IAP within the closed abdominal container may be 
devastating to organ systems within that container as well as those distant to it due 
to both physical and biomediator-related consequences. The fact that the gut is one 
of the first and most severely compromised organ systems in IAH/ACS is also 
poorly understood and deserves urgent study. The authors therefore hope that this 
“Hot Topic” will evolve rapidly with new knowledge and understanding in the com-
ing years. Although extensive evidence now exists to support that IAH/ACS results 
in a number of adverse physiologic effects in preclinical models, and that these 
conditions are associated with poor outcomes (including mortality) in critically ill/
injured patients, future studies must determine whether strategies targeted at lower-
ing IAP improve patient-important outcomes.
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7.1  Introduction

During the last three decades, we have witnessed dramatic improvements in diag-
nosing and treating abdominal compartment syndrome. Abdominal compartment 
syndrome (ACS) has evolved from a poorly understood phenomenon in patients 
after emergency abdominal surgery to an established syndrome that contributes to 
organ dysfunction in different kinds of critically ill patients [1, 2]. Intra-abdominal 
hypertension (IAH) is a more common phenomenon and can proceed into ACS. ACS 
is just the most severe end point of increased intraperitoneal pressure, and it is rec-
ognized as a catastrophic disturbance of a patient’s physiology that requires urgent 
intervention and guided therapies [1, 3]. Despite recent advances in both medical 
and surgical care, ACS still remains a significant cause of mortality: the full-blown 
syndrome without surgical decompression can still be lethal [4].

The creation of the multidisciplinary World Society of the Abdominal 
Compartment Syndrome (WSACS www.wsacs.org) in 2004 was an important mile-
stone in the landmark of this disease. This is a multidisciplinary group, composed 
mostly of surgeons and intensivists. WSASC foundation was followed by the pub-
lication of consensus definitions and daily clinical guidelines in 2007. Five years 
later in 2013, those guidelines were updated according to an evidence-based meth-
odology. A dedicated Pediatric Guidelines Sub-Committee was also created so that 
the definitions and guidelines can also be adapted to children.
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7.2  Definitions

Intra-abdominal hypertension is defined as a persistent or repeated pathologic eleva-
tion of intra-abdominal pressure >12 mmHg without any organ derangement. The 
words “persistent or repeated” are important as a single value, maybe recorded 
when the patient is in pain or when ventilator asynchrony arises, is therefore not 
enough to define abdominal hypertension. The key difference between IAH and 
ACS is presence or absence of concomitant organ dysfunction/failure.

IAH is further graded as follows:

 1. IAP > 12–15 mmHg
 2. IAP > 16–20 mmHg
 3. IAP > 21–25 mmHg
 4. IAP > 25 mmHg

A solely IAP value is less important than the duration of IAH. Prolonged high 
elevations in IAP result in organ dysfunction or failure that can have a significant 
impact upon patient morbidity and mortality.

In 2007 and lately in 2013, WSACS defined ACS as a sustained elevation of 
intra-abdominal pressure >20  mmHg (with or without Abdominal Perfusion 
Pressure APP <60 mmHg) associated with a new organ dysfunction or failure.

Trigger factors located within the abdominal cavity define primary compart-
ment syndrome, whereas trigger factors out of the abdomino-pelvis region define 
secondary syndrome. Most frequent causes of primary ACS are abdominal trauma, 
abdominal aneurysm rupture, and pancreatitis: 30–53% of patients develop IAH 
after major surgery or trauma. Secondary ACS may often occur after major trauma 
followed by massive fluid resuscitation, sepsis, and burns. A third rare entity 
known as tertiary ACS is defined as a recurrent ACS following either primary or 
secondary ACS. Being an all or none entity and in contrast with IAH, ACS is not 
graded [1].

7.3  IAH and Abdominal Perfusion Pressure

7.3.1  How to Measure

There are different methods to measure intra-abdominal pressure: these methods 
can either be direct or indirect. Direct measurement of intra-abdominal pressure can 
be done using an intraperitoneal catheter with a pressure transducer. Indirect mea-
surements follow Pascal’s law of fluids. Pascal states that any change in pressure in 
an enclosed fluid is transmitted equally to every part of the fluid. Therefore, with the 
abdomen considered an enclosed fluid-filled container, any change in pressure will 
be equally distributed throughout the abdomen: inferior vena cava, rectal, uterine, 
femoral vein, bladder, and gastric pressure measurements have all been advocated 
and suggested as IAP surrogates and indirect estimates. Nevertheless, over the 
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years, bladder pressure measurements have been regarded as the gold standard tech-
nique since it is simple, precise, and minimally invasive.

According to WSACS definition, intra-abdominal pressure is the steady-state 
pressure concealed within the abdominal cavity, measured via the bladder at end 
expiration, in supine position.

IAP should be measured via a Foley catheter in supine position, after instilling a 
minimum volume of 25 mL of sterile saline into the bladder. Over-distending the 
bladder with more saline is just useless as it may return a false result [5]. Measurement 
should be made at end expiration (or end expiratory pause, if mechanically venti-
lated) with transducer zeroed at midaxillary line. Furthermore, IAP should be mea-
sured 30–60 s after instillation to allow bladder detrusor muscle relaxation.

A nasogastric tube with an esophageal and a gastric balloon can be indicated 
whenever gastric drainage and enteral nutrition have to be combined with abdomi-
nal pressure measurements (peritonitis, obesity, polytraumatized patient) and/or 
pleural/trans-pulmonary pressure measurements (mechanically ventilated patients) 
[6, 7]. Moreover, it grants an incontinuous IAP measurement which can be very 
useful in the operating theater during surgical decompression.

The abdomen and pelvis collectively form one compartment, bounded by the 
diaphragm, abdominal wall, back, and the peritoneal reflection at the bony pelvis. 
The size and volume of the abdomen may be affected by the varying location of the 
diaphragm, the shifting position of the costal arch, the contractions of the abdomi-
nal wall, and the amount of contents (air, liquid, feces, fetus, or even blood) con-
tained within the boundaries.

Normal IAP in a wealthy adult is about 2–5 mmHg and varies inversely with 
intrathoracic pressure during normal breathing [8]. Confounding factors such as 
BMI (body mass index) should always be considered when assessing basal IAP 
value; indeed, it can go up to 12 mmHg in an obese adult [9]. Given IAP depen-
dency from the abdominal content, baseline IAP is also increased during pregnancy, 
in patients undergoing chronic ambulatory peritoneal dialysis, and after lapa-
rotomy [9].

ICU patients who have undergone massive fluid resuscitation after shock often 
have basal IAP values right above 7 mmHg.

After measuring IAP, abdominal perfusion pressure can be easily calculated by 
simply subtracting IAP from systemic MAP. A 60 mmHg APP is desirable since 
organ dysfunction may begin to occur just below this threshold. APP can be thought 
as analogous to cerebral perfusion pressure: as for Intra Cranic Pressure and 
Cerebral Perfusion Pressure, APP can be used as a better predictor of visceral perfu-
sion than MAP and IAP alone. It represents an easily calculated parameter for guid-
ing the resuscitation and management of the patient with IAH/ACS [10].

7.3.2  When to Measure

Early identification of patients at risk is the first step in diagnosing and preventing both 
IAH and ACS. According to WSACS, IAP should be measured when any known risk 
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factor for IAH/ACS is present, and protocolized measurement series should be per-
formed. Multiple studies have been conducted to identify the current state of aware-
ness, knowledge, and use of evidence-based medicine regarding IAH and ACS [11].

IAH should be considered in any patient who presents with one or more of the 
following risk factors [12]:

• intra-abdominal infection or abscess
• liver dysfunction with ascitis
• obesity
• prolonged shock (acidosis, hypothermia, hemorrhage, coagulopathy),
• visceral ischemia or perforation and major abdominal surgery,
• major trauma and burns, damage control laparotomy,
• sepsis,
• polytransfusion and massive fluid resuscitation (>5 L crystalloids in 24 h),
• prone positioning (i.e. in severe respiratory failure),
• ruptured abdominal aneurysm,
• retroperitoneal hemorrhage,
• abdominal neoplasm,
• liver dysfunction/ascites,
• peritoneal dialysis,
• pancreatitis,
• ileus/gastroparesis.

The recommendation is to assess the IAP at baseline and then IAP should be 
measured every 4–6 h, i.e. at least once in a nurse shift.

7.4  Epidemiology

Epidemiological studies conducted in the last decades vastly differ in their report of 
incidence and prevalence. The previous lack of consensus definitions before 
WSACS came out, different IAP measurement techniques and the different case- 
mix of both medical and surgical patients add to the dearth of concurrence in data. 
Both IAH and ACS, however, still remain unrecognized or underdiagnosed even 
though they are much more common than expected [13]. There is an agreement 
however that the occurrence of IAH during the intensive care unit stay is an inde-
pendent predictor of patients’ outcome [14].

The reported incidence of IAH ranges between 21 and 58%, while for ACS it 
ranges between 1 and 12% among general ICU patients. A recent individual patient 
data meta-analysis of 1669 adult general ICU patients reported that 27.7% had IAH 
and 2.7% had ACS (as defined by the WSACS) at ICU admission [11]. In both 
medical and surgical critical care patients, the presence of IAH or ACS is associated 
with a significant increase in mortality [11]. When compared to mixed populations 
of adult ICU patients, trauma and emergency general surgery patients and those 
with ruptured AAAs, severe acute pancreatitis, and burns appear to have a 
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substantially higher incidence and prevalence of IAH and ACS [15]. In a study by 
Vidal and colleagues, 53% of trauma and emergency surgery patients developed 
IAH, while more than 12% developed ACS during their ICU stay [14].

7.5  Physiopathology

Primary ACS may be a no-turning back point of pathologies concealed within the 
abdominal region and usually follows abdominal trauma, pancreatitis, rupture of 
abdominal aneurysm.

Secondary ACS is usually the presentation of the syndrome in patients who have 
had no abdominal injuries nor abdominal surgical intervention [16]. Typically, these 
patients suffer the sequence of events after a major traumatic event resulting in 
hemorrhagic shock and needing of exsanguino-transfusions (complete replacement 
of blood volume) [16–18]. Secondary ACS patients develop ACS from delayed 
definitive hemorrhage control and cyclic and substantial crystalloid loading [19].

Regardless of what the primary event is, whether it be trauma with hemorrhagic 
shock, sepsis, or burns, all lead to a capillary leak syndrome resulting in the extrava-
sation of fluid into the interstitium and massive bowel edema [19]. Fluid-filled bowel 
will increase pressure within the abdominal cavity. Increased IAP leads to organ 
dysfunction of all abdominal organs due to arterial blood flow limitation, venous 
outflow obstruction, and impaired microcirculatory flow: this derangement of local 
tissue perfusion will necessitate more fluid loading, finally triggering a vicious cycle.

Trauma patients in hemorrhagic shock are often aggressively resuscitated with 
IV crystalloid fluid and blood products to maintain intravascular volume and restore 
normal perfusion. Unfortunately, measurements of blood pressure, heart rate, urine 
output, and central venous pressure commonly used as clinical end points of ade-
quate resuscitation are inadequate indicators of tissue perfusion. Thus, conventional 
IV resuscitation from trauma and hemorrhagic shock sometimes culminates in mul-
tisystem organ failure, over resuscitation, and delayed primary abdominal closure in 
case of laparotomy.

The application of damage control principles, as well as the understanding of the 
advantage of whole blood resuscitation, and the development of massive transfusion 
protocols are important recent advances in the management of the bleeding patient 
[16, 20].

7.6  ACS: Systemic Effects and Organ Derangement

IAH reduces perfusion to all intra-abdominal organs, and it has been recognized to 
affect extra-abdominal organs as well. As the intra-abdominal pressure rises, mul-
tiple organs will progressively start to fail.

While IAH is a graded and often a gradual phenomenon, ACS is an all or none 
condition causing dysfunction of neurological, respiratory, cardiovascular, renal, 
and hepatic organ systems, leading, in most severe situations, to multi-organ failure.
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7.6.1  Pulmonary

Increased IAP leads to elevation of the diaphragm and costal arch, reducing thoracic 
volume, functional residual capacity, and compliance while increasing intrapleural 
pressure. Compressive basal atelectasis increases physiological dead space. Chest wall 
compliance is decreased and elastic recoil (1/C) augmented, creating a restrictive syn-
drome resulting in respiratory failure. Diminished chest wall compliance will result in 
shifting the lower inflection point on the pressure–volume curve to the right, flattening 
the initial inspiratory part of the curve with an associated rise in airway resistance. 
Furthermore, the trans-pulmonary pressure will be decreased (Pleural pressure—alve-
olar pressure): higher Plateau pressures will be needed for alveolar opening and 
recruitment maneuvers [21]. Respiratory failure observed in ACS is also attributed to 
a more complex problem related to hypoxia: release of pro-inflammatory cytokines 
results in inflammatory edema and, in worst cases, ARDS (adult respiratory distress 
syndrome) [22]. Setting the right PEEP value can be very challenging since high PEEP 
might be needed: indeed attempts at matching IAP with PEEP could be detrimental 
because of uncontrolled pressure created in the chest which could have negative effects 
on both cardiac preload and output, without any improvement in oxygenation [23].

Esophageal pressure today is a key parameter for patient ventilation because it 
accurately estimates pleural pressure and allows for the determination of trans- 
pulmonary pressure [24, 25].

A nasogastric tube for esophageal and trans-pulmonary pressure measurements 
can help calculating the best PEEP value and diminishing respiratory driving pres-
sure (Pplat − PEEP = the lower, the better! ≤15 cmH2O). Tailored protective venti-
lation (i.e., 6–7 mL/kg Vt, right PEEP value, Pplat <30 cmH2O) is mandatory to 
relieve ventilator-associated lung injury. Trans-pulmonary pressure is also useful 
for respiratory weaning, when lung injury abates.

Elevated intrathoracic pressure and hypoxia increase pulmonary vascular resis-
tance and right ventricular strain with risk of right heart failure. A Swan-Ganz cath-
eter (a pulmonary catheter) can be useful to assess heart–lung interactions.

7.6.2  Heart and Hemodynamics

IAP increase affects both preload and afterload: it leads to a decreased venous return 
by compressing inferior vena cava and a greatly increased afterload. Preload is fur-
ther reduced by pooling of blood in the pelvis and lower limbs. These changes result 
in augmented stroke volume variation (SVV%) and reduced cardiac output, which 
may be exacerbated by concomitant hypovolemia. Relative hypovolemia is usually 
associated to IAH and ACS: after massive crystalloid resuscitation, resulting capil-
lary leak syndrome will proceed in the extravasation of fluid into the interstitium. 
This is important to understand why increasing venous return by administration of 
crystalloids may initially help to restore a proper cardiac output [16, 19]. Beware 
that additional crystalloid infusion only creates a futile cycle of crystalloid filling. 
Indeed, additional crystalloids only worsen the gut edema, increases IAP, and prop-
agates the cycle. Unfortunately, blood pressure, heart rate, urine output, and central 
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venous pressure commonly used as clinical end points of adequate resuscitation are 
inadequate indicators of tissue perfusion. Because of the increased abdominal pres-
sure compressing the vena cava and increasing the intrathoracic pressure as well, 
the central venous pressure may be misleading to evaluate patient’s fluid status.

A bed-side fast ecocardiography is the first step to correctly evaluate patient’s vole-
mic state: it is noninvasive, replicable, and any intensivist should be able to perform it.

Invasive hemodynamic monitoring is mandatory (a Swan-Ganz Catheter as stated 
above or Pulse Wave Form Analysis methods if SWG catheter is not immediately 
available). Therefore, Cardiac Index (CI), Stroke Volume Variation (SVV%, strictly 
related to Δ-Ups & Δ-Downs in invasive blood pressure wave form), Right Ventricular 
End Diastolic Volume Index (RVEDI), and arterial lactate have proven themselves to 
be the most reliable variables in resuscitation of patients suffering from IAH/ACS.

7.6.3  Renal

Renal dysfunction is highly associated to ACS and often the first to occur. It presents as 
oliguria (≤0.5 mL/kg/h urine output) progressing to anuria, despite increases in fluid 
administration. As asserted earlier, crystalloid boluses, often suggestively addressed as 
Fluid Challenge Therapies, are not the key to obtain a physiological urine output, as it 
may only trigger IAH vicious cycle. IAH associated cardiac dysfunction (see above), 
and impaired renal perfusion may contribute to oliguria. Furthermore, the anatomical 
position of the kidneys in the retroperitoneal space makes them vulnerable to direct 
parenchymal compression. The underlying pathological process that induces renal fail-
ure from IAH is exacerbated by increased renal venous resistance and arteriolar resis-
tance, which lead to reduction of glomerular filtration rate [3]. In addition, alterations 
in systemic and renal hemodynamics upregulate the renin–angiotensin–aldosterone 
system, which further increases renal vascular resistance to retain salt and water to 
compensate for low cardiac output and eventually worsens bowel edema.

7.6.4  Gastrointestinal and Liver

Along with the kidneys, all of the structures within the abdominal cavity are also 
compressed, and this will cause regional hypoperfusion. This effect may be most 
pronounced in the liver. Hepatic dysfunction can arise, even when not directly 
injured after trauma, with a low-grade IAH. Hepatic derangement manifests through 
impaired clearance of plasmatic lactate, resulting in metabolic acidosis that is not 
solely attributable to increased mismatch of O2 demand/delivery. This flawed lactate 
clearance can confuse the clinical interpretation of lactate levels, making their inter-
pretation more difficult in their common use as a resuscitation end point, if used 
alone. Several animal studies have demonstrated an association between raised IAP 
and bacterial translocation, supporting the hypothesis that gut barrier function is 
also compromised. Indeed, it is likely that the gut is the initial motor of Multi-Organ 
Disfunction Syndrome, also during extra-abdominal sepsis [20, 26, 27]. The loss of 
intestinal barrier function and the increase of permeability will result in intestinal 
edema, ascites formation, and exacerbated bacterial translocation.
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7.6.5  Central Nervous System

Elevated IAP raises intrathoracic pressure and central venous pressure (CVP), even-
tually resulting in elevated intracranial pressure (ICP) due to a functional obstruc-
tion to cerebral venous outflow. Clinical observations in major trauma patients with 
concomitant brain and abdominal injuries have shown that decompressive laparot-
omy for ACS would also relieve intracranial hypertension [28].

7.7  Treatment

A deep knowledge of the physiopathologic implications of IAH is essential to 
understand the reasoning behind the therapeutic tactics hereby advocated. First of 
all, the awareness a patient is at risk of IAH is the key point in approaching and 
treating this polyhedral pathology. Many medical treatment options are already part 
of routine daily management in the ICU (analgo-sedation, nasogastric and rectal 
tube, prokinetics, enemas, body position) [29].

Current management of IAH and ACS is based upon the latest up-to-date, 
evidence- based recommendations provided by the World Society of the abdominal 
compartment syndrome (WSACS).

Appropriate management of IAH/ACS is based upon four general principles:

 1. Basal measurement of IAP in patients at risk and then serial monitoring of IAP 
(every 4–6 h if any risk factor is present and IAH is established, i.e. at least once 
in a nurse shift);

 2. Optimization of systemic and local perfusion;
 3. Monitoring of end-organ function and institution of organ-specific therapies to 

reduce IAP;
 4. Prompt surgical decompression for refractory IAH/ACS.

Treatment of ACS requires rapid normalization of IAP, thereby restoring nor-
mal abdominal visceral perfusion and resolving contemporary organ dysfunction. 
Definitive management of ACS from most causes other than tense ascites involves 
emergent surgical decompression of the abdomen to release the abdominal pres-
sure and provide a temporary abdominal closure until the disease process is 
reversed and the swelling abates. Lower grade IAH may be temporized or relieved 
using nonsurgical measures. Nonoperative medical management plays a vital role 
in both the prevention and treatment of IAP-induced organ dysfunction and 
failure.

As stated above, IAP is determined by several factors, thus management of high 
IAP must therefore be taken into account:

 1. abdominal wall compliance,
 2. organ intraluminal contents,
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 3. presence of space-occupying substances,
 4. abdominal organ volume,

As stated earlier, only one IAP high value is not sufficient to determine any organ 
dysfunction. Indeed, the amount of time during which IAP is elevated is much more 
critical to trigger organ and systemic derangements.

Medical management may play an increasingly important role in the prevention 
and management of intra-abdominal hypertension (IAH). Nonoperative manage-
ment can be divided into the following steps: sedation and paralysis to relax the 
abdominal wall; evacuation of intraluminal contents; evacuation of large abdominal 
fluid collections; optimization of APP and correction a positive fluid balance. 
Surgical decompressive laparotomy is still the only viable option for refractory 
IAH/ACS (Figs. 7.1 and 7.2).
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Monitor IAP with
serial measurements

at least every 4
hours while patient is

critically ill
(GRADE 1C)

Patient has Secondary or
Recurrent ACS

NO

Continue medical treatment options to reduce IAP
(GRADE 1C)

Measure IAP at least every 4 hours while patient is critically ill
(GRADE 1C)

Perform balanced resuscitation of patient preload, contractility, and
afterload using crystalloid / colloid / vasoactive medications
AVOID EXCESSIVE FLUID RESUSCITATION (GRADE 2D)

NO YES
IAH has resolved

Decrease frequency of IAP
measurements and observe

patient for deterioration

IAH has resolved
Discontinue IAP measurements

and monitor patient for
clinical deterioration

YES

NO

Medical treatment options to reduce IAP
1. Improve abdominal wall compliance
     Sedation & analgesia
     Neuromuscular blockade
     Avoid head of bed > 30 degrees
2. Evacuate intra-luminal contents
     Nasogastric decompression
     Rectal decompression
     Gastro-/colo-prokinetic agents
3. Evacuate abdominal fluid collections
     Paracentesis
     Percutaneous drainage
4. Correct positive fluid balance
     Avoid excessive fluid resuscitation
     Diuretics
     Colloids / hypertonic fluids
     Hemodialysis / ultrafiltration
5. Organ Support
     Optimize ventilation, alveolar recruitment
     Use transmural (tm) airway pressure
           Pplattm  = Pplat - IAP
    Consider using volumetric preload indices
    if using PAOP/CVP, use transmural pressures
           PAOPtm = PAOP - 0.5 * IAP
           CVPtm = CVP - 0.5 * IAP

Definitions
IAH - Intra-abdominal hypertension
ACS - abdominal compartment syndrome
IAP - Intra-abdominal pressure
APP - abdominal perfusion pressure (MAP-LAP)

Primary ACS - A condition associated with injury
or disease in the abdomino-pelvic region that
frequently requires early surgical or
interventional radiological intervention

Secondary ACS - ACS due to conditions that do
not originate from the abdomino-pelvic region

Recurrent ACS - The condition in which ACS
redevelops following previous surgical or
medical treatment of primary or secondary ACS

Fig. 7.1 IAH and ACS management algorithm, WSACS guidelines—Intensive Care Med. 2013 
Jul; 39(7): 1190–1206
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7.7.1  Analgesia (First!), Sedation, and Paralysis

The first step in the management of elevated IAP is to ensure adequate analgesia 
and, if necessary, sedation and muscle paralysis. Anxiety, pain, ventilation asyn-
chrony will all increase abdominal wall tension and increase IAP.  In addition to 
ensuring patient comfort, therefore adequate analgesia and sedation also serve a 
useful therapeutic role in the patient with IAH.

Neuromuscular blocking agents (NMB) have been used as rescue therapy to 
reduce IAP [30]. In most severe cases, muscle relaxation can be mandatory to 
reduce abdominal wall tension and set an adequate protective ventilation 
strategy.

According to Vincent [31], sedation should be secondary to proper analgesia and 
whenever possible, it should be based on drugs that can be titrated to prespecified 
sedation targets: this introduces the breakthrough concept of eCASH—Early 
Comfort using Analgesia with a minimum of Sedatives and a maximum of 
Humanity.

The choice (end success) of the medical management strategies listed below is strongly related to both the etiology of
the patient’s IAH / ACS and the patient’s clinical situation. The appropriateness of each intervention shoulod always be
considered prior to implementing these interventions in any individual patient.
The interventions should be applied in a stepwise fashion until the patient’s intra-abdominal pressure (IAP) decreases.
If there is no response to a particular intervention, therapy should be escalated to the next step in the algorithm.

.

.

.

Patient has IAP > 12 mmHg
Begin medical management to reduce IAP

(GRADE 1C)

Measure IAP at least every 4-6 hours or continuously.
Titrate therapy to maintain IAP ≤ 15 mmHg (GRADE 1C)

Evacuate intraluminal
contents

Evacuate intra-
abdominal space
occupying lesions

Abdominal ultrasound
to identify lesions

Abdominal computed
tomography to
identify lesions

Percutaneous
catheter drainage

(GRADE 2C)

Consider surgical
evacuation of lesions

(GRADE 1D)

Consider
neuromuscular

blockade (GRADE 1D)

Consider reverse
Trendelenberg

position

Remove constrictive
dressings, abdominal

eschars

Ensure adequate
sedation & analgesia

(GRADE 1D)

Optimize fluid
adminstration

Improve abdominal
wall compliance

Avoid excessive fluid
resuscitation
(GRADE 2C)

Aim for zero to
negative fluid balance
by day 3 (GRADE 2C)

Resuscitate using
hypertonic fluids,

colloids

Fluid removal through
judicious diuresis

once stable

Consider
hemodialysis /
ultrafiltration

Insert nasogastric
and/or rectal tube

Initiate gastro-/colo-
prokinetic agents

(GRADE 2D)

Minimize enteral
nutrition

Administer enemas
(GRADE 1D)

Consider colonoscopic
decompression
(GRADE 1D)

Discontinue enteral
nutrition

S
te

p 
4

S
te

p 
3

S
te

p 
2

S
te

p 
1

Optimize systemic /
regional perfusion

Goal-directed fluid
resuscitation

Hemodynamic
monitoring to guide

resuscitation

If lAP > 25 mmHg and new organ dysfunction I/ failure is present, patient’s IAH / ACS is refractory to medical management, Strongly
consider surgical abdominal decompression (GRADE 1D).

IAH / ACS MEDICAL MANAGEMENT ALGORITHM

Fig. 7.2 Medical treatment of IAH/ACS according to the latest guidelines by WSACS—Intensive 
Care Med. 2013 Jul; 39(7): 1190–1206
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While opioids are very effective at treating pain, they also have important side 
effect: addiction, ileus, respiratory depression among others. On the sedative side, 
nowadays, benzodiazepines have been pushed aside by new molecules such as dex-
medetomidine, a selective α2-agonist, whose price is rapidly dropping. 
Dexmedetomidine has a rapid onset, distribution, and elimination that does not 
accumulate and therefore could be ideally suitable for reliable and fast neurological 
examination. Propofol is widely used as sedative of choice, but it has an important 
hemodynamic impact and can trigger the propofol infusion syndrome (↓ heart rate, 
↓ pH, ↑ lactate, ↑ CPK, myocardial failure). Ketamine has been gaining some con-
sensus for long-term sedation since it does not alter systemic hemodynamics or 
respiratory drive, and has an analgesic effect too. In the last few years, Ketamine has 
proven itself safe even in the traumatic brain injury patient [32].

Thanks to adequate control of the pain, the level of sedation can be reduced. 
The new paradigm is multimodal analgesia which can be considered as a more 
rational approach to pain management: by using different ways of administration 
and different drugs, it is possible to reduce the need for sedation, opioids, and side 
effects. The combined use of different analgesics (opioids, NSAIDs, local anes-
thetics) produces synergistic analgesia and enables clinicians to use lower total 
doses [33].

In the last years, ICU doctors have shifted from a renowned sedo-analgesia con-
cept to a more modern analgo-sedation approach [34]. Analgo-sedation can be an 
“analgesia-based sedation” which refers to the use of a long action analgesic instead 
of a sedative to reach the sedative goal. On the other hand, analgo-sedation can also 
be interpreted as “analgesia-first sedation” which refers to the use of an analgesic 
before a sedative to reach the sedative goal. Moving from using sedative drugs like 
benzodiazepines to using much more analgesics with some sedatives has proven to 
be quite a good strategy. “Low dose, long action opioids” like Sufentanil and 
Fentanyl along with acetaminophen can grant a valid analgesia with a mild sedation. 
Morphine should be avoided whenever possible as there is a risk of overdosing in 
patients with acute renal failure, which is quite common in ICU setting and ACS 
patients. Multimodal means also different way of administration: epidural catheters 
in trauma patients with local anesthetic continuous infusion (for example, 
Ropivacaine 0.2–0.3%, along with adjuvants, clonidine, or morphine) can reduce 
patient’s pain. Regional anesthesia can also help reducing rehabilitation time.

Cis-Atracurium or Rocuronium (IV bolus + IV continuous infusion) are com-
monly used for muscle paralysis.

7.7.2  Abdominal Decompression

Many critically ill patients will at some point develop gastrointestinal ileus. Gastric, 
small bowel, and colonic distension can all increase IAP substantially. Nasogastric 
and/or rectal drainage, enemas, and even endoscopic decompression are relatively 
noninvasive methods for reducing IAP and treating mild to moderate IAH [35]. 
Therefore, all patients with elevated IAP should have a nasogastric tube placed.
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Administration of pro-kinetic motility agents such as:

 – metoclopramide (IV bolus, 10 mg ×3/daily),
 – neostigmine (IV continuous infusion, up to 5 mg/daily; or IV bolus 0.5 mg up to 

×6/daily),
 – levosulpiride (IV bolus, 25 mg ×3/daily),
 – erythromycine (NGT 300 mg/daily),
 – naloxone (NGT, 0.4 mg up to ×6/daily to prevent opioid-related ileus),

is also useful in promoting gastrointestinal dumping and decreasing visceral vol-
ume. If gastric stagnation is present, re-administering bile salt-rich secretion can 
stimulate gastric emptying and intestinal transit.

Patients with ascites can benefit from drainage [36].
Percutaneous drainage of the fluid in these situations has shown great success in 

burn and oncology patients, avoiding the need for a decompressive laparotomy. 
Albumin administration can be useful after paracentesis.

Unfortunately in trauma patients, ACS is much more commonly due to swollen 
bowel from massive fluid resuscitation rather than free fluid [19].

Appropriate patient positioning in bed can also help reducing significantly 
IAP. Semi-recumbent position is associated with a higher IAP: the higher the head 
of bed elevation, the higher the IAP [37, 38].

7.7.3  Optimization of APP and Fluid Balance

Hypovolemia aggravates the physiopathologic effects of elevated IAP, while hyper-
volemia (i.e., excessive crystalloid volume resuscitation) is an independent predic-
tor for the development of ACS.

In critically ill patients, invasive hemodynamic monitoring technologies can be 
very useful in assessing intravascular volume status and optimizing patient resusci-
tation. A Swan-Ganz catheter with incontinuous CO (Cardiac Output) and SvO2 
monitoring is a good choice to assess volemic status of patients.

Any intensivist should be able to perform a rapid bed-side echo exam to assess 
fluid status, while the best way to ameliorate fluid balance is by weighing patients 
every day: ICU beds with weighing scales are commercially available.

Traditional pressure-based parameters such as central venous pressure may be 
misleading in the presence of elevated intra-abdominal and intrathoracic pressure 
and can lead to erroneous clinical decisions regarding fluid status.

Because the central venous pressure will likely be artificially elevated, the right 
ventricular end diastolic volume index (RVEDVI) and Right Ventricle Ejection 
Fraction (RVEF) are much more reliable to guide resuscitation. Random boluses or 
fluid challenges should be discouraged because a transient increase in blood pres-
sure will do nothing to ameliorate the underlying problem, and excessive fluid infu-
sion will worsen the gut edema.
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Blood products can be preferred over crystalloids to ameliorate perfusion with-
out worsening bowel edema even if Hb is >10 g/dL. Another option is to use hyper-
tonic crystalloid resuscitation [39] (saline 3 or 7.4%) along with albumin, which is 
associated with a substantially decreased fluid requirement.

The following can be considered good resuscitation endpoints: ScvO2 (every 
ICU patient should have an IV central line available), incontinuous SvO2 and RVEF/
RVEDI if a SWG catheter is available, arterial lactate, differential AV CO2, and 
diuresis.

Inotropic amine infusion can be useful to counterbalance depressive effect of 
acidosis on myocardium, while vasopressors, such as high-dose norepinephrine, 
can worsen splanchnic vasoconstriction and visceral ischemia: amine support 
should be implemented only after ensuring adequate intravascular volume. In most 
severe cases, administration of hydrocortisone (IV 250 mg bolus + 250 mg continu-
ous infusion/daily) can revert tissue unresponsiveness to amines.

Early continuous hemofiltration/ultrafiltration may be more appropriate than 
continuing to volume load the patient to obtain a proper urine output and increase 
the likelihood of secondary ACS. Continuous Renal Replacement Therapies help 
revert acidosis and can have a role in cytokine absorption and washout [40–42].

7.7.4  Nutritional Support

These patients are hyper-catabolic, that is why nutritional support has such an 
important role [43]. Enteral feeding should be started as soon as possible in all 
patients with intestinal continuity as it promotes gut-mediated immunity, maintains 
microbial diversity, and increases intestinal blood flow [44]. High-protein/high- 
calorie products can be a good choice as they can reduce enteral feeding volume. A 
post-pyloric NGT will be needed whenever gastric ileus inhibits reaching proper 
daily intake and can be mandatory in pancreatitis.

High-dose ascorbic acid (Vitamin C) has proposed to be a useful adjunct in mini-
mizing the effects of free radical injury [45] since it attenuates post-burn lipid per-
oxidation: daily dose is 1–2 g by parenteral infusion. Micronutrient deficiency is 
often described, thus losses of vitamins and minerals should always be counterbal-
anced. In the last decades, Alanine and Glutamine have been addressed as the pri-
mary fuel of the intestinal mucosa, and they contribute to intestinal villous integrity.

Here is an easy scheme to understand how to address nutritional needings in ICU 
patients:

2 g–2.5 g/kg/daily protein and 30 kCal/kg/daily, plus micronutrients (minerals 
and vitamins), can be a good starting point.

Administering drugs to prevent stress gastric ulcer (proton pump inhibitors, H2- 
antagonists) cannot be recommended as it has been demonstrated that raising gas-
tric inner pH can expose to inhalation and pneumonia. Early enteral feeding is the 
best prophylaxis against stress ulcer [44, 46].

As stated above, pro-kinetic drugs can play an important role.
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7.7.5  New Drugs

Theophylline: According to Bodnar et al. [47], theophylline can be useful to coun-
teract the effects of serum interleukin 10 and adenosine. The authors experienced a 
dramatic reduction of both IAP values (19.2 mmHg vs and 9.5 mmHg) and mortal-
ity (0% vs 55%).

Octreotide [48]: It can reduce oxidative tissue damage and have a therapeutic 
role as a reperfusion injury-limiting agent among patients with IAH and ACS. Further 
studies are needed to confirm these findings.

7.7.6  Surgical Decompression

Surgical decompression is still the only viable treatment in case of refractory IAH/
ACS, and it can be lifesaving. Multi-organ derangement, hemodynamics, and the 
need for high-level amine support should guide the physician to consider damage 
control and open abdomen techniques. Delayed abdominal decompression and dis-
regard of high IAP levels are associated with significant increases in patient mortal-
ity. Prophylactic decompression and creation of a temporary abdominal closure in 
surgical patients at risk for elevated IAP significantly reduce the subsequent devel-
opment of IAH/ACS and improve survival [17]. Recent experimental and clinical 
work has suggested that the open abdomen technique with temporary abdominal 
wall closure using negative pressure therapy methods (i.e., Bogota Bag, Ab Thera) 
is associated with superior outcomes. With decompression, there is an immediate 
decrease in IAP [4, 49]. However, the pressure may not decrease to normal levels 
while an immediate recovery for some organs can be noticed. After decompression, 
monitoring of IAP continues as, contrary to popular belief, IAH and ACS can recur, 
and visceral perfusion can still be inadequate despite an open abdomen.

7.8  Summary

Despite recent advances in both medical and surgical care, IAH and ACS still 
remains a significant cause of morbidity and mortality. The creation of the multidis-
ciplinary World Society of the abdominal compartment syndrome (WSACS www.
wsacs.org) in 2004 was an important event in the landmark of this entities.

Intra-abdominal hypertension is defined as a persistent or repeated pathologic 
elevation of intra-abdominal pressure >12 mmHg without any organ derangement. 
ACS is a sustained elevation of intra-abdominal pressure >20 mmHg (with or with-
out APP <60 mmHg) associated with a new organ dysfunction or failure. While 
IAH is a graded and often gradual phenomenon, ACS is an all or none condition 
causing dysfunction of neurological, respiratory, cardiovascular, renal, and hepatic 
organ systems, leading, in most severe situations, to Multi-Organ Failure.

IAP should be measured when any know risk factor for IAH/ACS is present in 
clinically ill or injured patients. IAP should be measured via a Foley catheter in 
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supine position, after instilling a minimum volume of 25 mL of sterile saline into 
the bladder. Measurement should be made at end expiration (or end expiratory 
pause if mechanically ventilated) with transducer zeroed at midaxillary line.

Appropriate management of IAH/ACS is based upon four general principles:

 1. Serial monitoring of IAP (every 4–6 h if any risk factor is present and IAH is 
established, i.e. at least once in a nurse shift).

 2. Optimization of systemic perfusion and end-organ function.
 3. Institution of organ-specific therapies to reduce IAP and avoid the detrimental 

end-organ consequences of IAH/ACS.
 4. Prompt surgical decompression for refractory IAH/ACS.
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8.1  Historical Perspective

The sequelae of untreated compartment syndrome were first described by Volkmann 
in 1881; he described the clinical features of the syndrome as a paralytic contracture 
of a limb due to a tight bandage [1]. A better description of the syndrome was pro-
vided by Bywaters and BeallI based on a case series of British victims during World 
War II in 1941 [2]. The authors underlined the general consequences of the syn-
drome, described as a “crush” syndrome with impending gangrene of the limb, 
systemic shock, progressive renal failure, and ultimately death. A better understand-
ing of the pathophysiology of the syndrome is attributed to Carter in 1949 [3]. 
Carter’s description related to a muscle trauma leading to increased pressure within 
a muscular compartment, with consequent impairment of blood supply, ultimately 
leading to muscle necrosis.

The importance of time from the onset of the syndrome was well understood and 
described in the early literature. Most authors reported that tissue ischemia lasting 
for less than 1 h is associated with reversible neuropraxia, while prolonged ischemia 
over 4  h will induce irreversible axonotmesis. Irreversible muscle necrosis was 
described beyond 6–8 h of ischemia [4].

The historic basic principles related to the evolution of compartment syndrome 
and subsequent tissue injury remain valid until present [5].

Traumatic etiologies of acute compartment syndrome can be divided into three 
main groups: fracture related, soft tissue injury-related, and vascular injury- 
related [6].

Extremity fractures after high-energy trauma mechanisms represent the most fre-
quent cause of acute compartment syndromes [7].
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Crush injuries are responsible for around 20% of acute compartment syndromes 
in absence of fractures.

Traumatic vascular injuries can induce acute compartment syndrome as a conse-
quence of ischemia-reperfusion injury [8, 9].

Nontraumatic root causes include exertional compartment syndrome, thermal/
burning injuries, constricting casts or wraps, bleeding disorders, soft tissue infec-
tions, and iatrogenic complications [5, 10, 11].

8.2  Definition

The definition of acute compartment syndrome of the extremities is an increase in 
pressure within a defined compartment of the limb, demarcated by a fascia. The 
increase in the intracompartmental pressure causes a decrease in perfusion pressure, 
leading to hypoxemia of the tissues. If this situation is prolonged, irreversible 
impairment of the muscles can occur, leading to tissue necrosis and devastating 
subsequent patient outcomes.

8.3  Pathophysiology

In the extremities, there are many anatomic compartments, containing muscle 
groups and neurovascular structures, separated and demarcated by fasciae. The fas-
cia is composed by dense connective tissue; this fibrous tissue envelopes delimit 
anatomical space, with low compliance. This means that little increase in volume 
causes high-pressure elevation.

In case of traumatic event and in some nontraumatic accident (burns, ischemia 
and reperfusion), the injured tissue responds with precapillary vasodilation in the 
arteriole system of the muscles, along with collapsing venules and increased perme-
ability of the capillary bed. This leads to increased capillary filtration and raise of 
interstitial fluid; the pressure of interstitial fluid (normally lower than 10 mmHg) 
raises in injured tissue, with the clinical aspect of edematous limb, and consequently 
the intracompartmental pressure raises [12–14].

In case of nontraumatic compartment syndrome (e.g., extravasation of drugs), 
there is a direct increase of extravascular fluid.

The increase in intracompartmental pressure has the direct consequence of exter-
nal compression of the microvasculature. Efferent capillaries and venules, with their 
small diameter and lack of intramural musculature, are extremely sensitive to pres-
sure changes, and collapse first. The compression of outflow system, along with 
venous congestion, diminishes the arterio-venous gradient. This reduction of the 
gradient leads to a decrease in local perfusion pressure and consequently to tissue 
ischemia [4, 12, 15, 16].

The congestion of the microcirculation causes an increase in the permeability of 
the vessel walls, worsening the fluid extravasation in the interstitial space. The 
increased fluid volume in third space produces tissue edema and increased interstitial 
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pressure, generating a feedback loop, which increases external pressure on the intra-
compartmental vasculature, with consequent worsening of tissue ischemia.

Lymphatics, which, in healthy tissues, assist with outflow and decompression, 
fail rapidly under the increased pressure [17].

Once perfusion pressure reaches a critically low level, severe tissue hypoxemia 
evolves.

When muscles are deprived of oxygen and metabolic supply, changes in cellular 
metabolism occur, resulting in the production of reactive oxidative species, which 
damage endothelial cells, further increasing vascular permeability.

The combination of hypoxia, increase in oxidant stress, and development of 
hypoglycemia in tissue causes cell edema, cellular swelling, and necrosis.

Furthermore, in reperfusion injury, after a prolonged period of ischemia, the pro-
duction of oxygen radicals, lipid peroxidation, and calcium influx leads to distur-
bances of mitochondrial oxidative phosphorylation and, ultimately, cell-membrane 
destruction; this worsens the extravasation of the fluid in the interstitial space [4, 13, 
14, 18].

Neutrophils and other inflammatory cells are drawn to the ischemic regions and 
release cytokines and chemical mediators, which exacerbate the vascular permeability.

This cycle is perpetuated till complete necrosis of the tissues occurs unless a 
surgical procedure (fasciotomy) interrupts the loop.

The time from the initial event to the onset of the compartment syndrome can 
vary from minutes to hours, and different tissues respond in different manners to 
reduction of aerobic metabolism consequent to ischemia [17].

Peripheral nerves are highly susceptible to ischemia: after 1 h, reversible neura-
praxia occurs, and after 4 h irreversible axonotmesis [4].

Muscles are slightly more resistant to the anaerobic metabolism due to compart-
ment syndrome, but when ischemia persists for more than 8 h, irreversible changes 
are likely to occur. The inflammatory response, if not treated, evolves in irreversible 
changes and finally to necrosis and fibrotic tissue.

Rhabdomyolysis after acute compartment syndrome has been reported as more 
than 40%; the massive release of myoglobin in the circulation can lead to acute 
kidney injury and kidney failure [19].

8.4  Diagnostic Pitfalls: The “5 P’s” Revisited

Acute extremity compartment syndrome can be diagnosed on the basis of clinical 
symptoms, by measurement of intracompartmental pressure, or both.

The clinical symptoms designated by the mnemonic of “5 P’s” (pallor, poikilo-
thermia, pulselessness, paresthesia, and paralysis) were historically considered to 
be the typical signs for the diagnosis of compartment syndrome [16, 17]. However, 
these clinical signs are typically the signs of arterial ischemia and delayed presenta-
tion of a “missed” compartment syndrome [20]. Thus, the guiding principle is rep-
resented by pain out of proportion as the only cardinal symptom of acute 
compartment syndrome of the extremities. In the current age, the classic “5 P’s” 
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have been replaced by “Pain, pain, pain, pain, pain”, and the burden is on the physi-
cian to either diagnose or rule out the presence of acute compartment syndrome, 
independent of the mechanism of injury [16, 17, 20].

Severe pain, not proportionated to the severity of the injury (“pain out of propor-
tion”), that does not improve with i.v. painkillers and adequate analgesia should 
raise the suspicion of acute extremity compartment syndrome. Clinical symptoms 
appear in the early phases of the development of compartment syndrome in con-
scious and wakeful patients. Much attention has to be paid to overuse of painkillers, 
for the risk of hiding the subjective symptoms of the syndrome.

Another early sign is pain on passive stretching of the affected muscles, espe-
cially in case of compartment syndrome of the forearm (pain with extension of the 
fingers) and of the leg (pain with dorsi- or plantarflexion of the toes).

As mentioned before, nerves (especially sensory ones) are very susceptible to 
hypoxia. For this reason, neurological signs can appear in the onset of compartment 
syndrome: paresthesia in the affected extremity is common, while complete anes-
thesia or paresis appears late and not constantly. However, the absence of neurologi-
cal signs must not rule out compartment syndrome; motor nerves have some 
resistance to ischemia, and waiting for complete motor deficits to make the diagno-
sis could be extremely risky [5, 6, 11].

Unless all these clinical signs have high sensitivity, they were shown to have low 
sensitivity and poor predictive value [16, 17].

All clinical symptoms lack completely in case of non-evaluable patients because 
of altered mental status: intubated, obtunded, or non-collaborative patients cannot 
communicate early symptoms of compartment syndrome. Even in awake patients 
sometimes the pain could be well tolerated, in presence of preexisting neurological 
disorders (neuropathy in diabetes or nephropathy) or, as mentioned before, due to 
pharmacological sedation (large use of painkillers, regional anesthesia, epidural 
pain catheters). Moreover, anxiety or other distracting injuries can contribute to 
misdiagnose an initial compartment syndrome [10, 12, 13].

On the basis of clinical examination, the limb involved appears swollen and dis-
tended and can be very hard at palpation (Fig. 8.1). The presence of distal pulses 
does not exclude acute compartment syndrome. In fact they can be completely nor-
mal for hours; blood flow through large arteries is preserved till the compartment 

Fig. 8.1 Swollen leg after 
fracture of the distal third 
of tibia, with impending 
compartment syndrome
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pressure rises above systolic blood pressure, which occurs in the late phase of com-
partment syndrome [17].

If the clinical diagnosis is equivocal, measurement of intracompartmental tissue 
pressure can be extremely useful for the diagnosis. The physiological compartment 
pressures in adults are around 8–10 mmHg. There are many portable devices for the 
measurement of intracompartmental pressure: the needle is inserted perpendicular 
to the skin into the muscle compartment under exam. Less than 1 mL of sterile 
saline is injected through the needle into the compartment. When equilibrium is 
reached, that it takes a few seconds, the compartmental pressure is then read on a 
digital screen. If these devices are not available, an arterial line transducer system 
with side-port needles can be effective as well. The needle should be inserted near 
the fracture site (not farther than 5 cm). Pressure measurements should be obtained 
in all compartments of the extremities involved, especially when analyzing forearm 
and leg. It is not infrequent to miss the development of acute extremity compartment 
syndrome in a neighboring compartment [16, 17, 21–24].

A measured pressure greater than 30 mmHg is thought to be an indication for 
emergency surgical decompression. The use of an absolute value, however, has been 
questioned because the perfusion pressure necessary for oxygenation is partly 
dependent on the patients’ blood pressure. On one hand, this means that a relatively 
high pressure in a well-perfused compartment could suggest unnecessary fasciot-
omy. On the other hand, low compartment pressure in a poor perfused patient 
(shock) could be alarming and the muscle compartment should be considered 
hypoxygenated and at risk. Some researchers have suggested the use of differential 
pressure (Δp = diastolic blood pressure − intracompartmental pressure), with a pro-
posed threshold of 30 mmHg. In a prospective study, McQueen et al. examined the 
use of a pressure differential (Δp > 30 mmHg) as diagnostic criteria for acute com-
partment syndrome. They showed no missed diagnoses of compartment syndrome 
with this value [14, 25–29].

Compartment syndrome is a dynamic process, and the limb can worsen its edema 
along minutes and hours. The compartment pressure, even if normal at the initial 
examination, can raise till high value. For this reason, it is imperative to repeat fre-
quent examinations of the extremities of the patient, especially if consciousness. 
Continuous measurement of intracompartmental pressure can be made by attaching a 
catheter to an arterial transducer. This method is controversial, first of all because it 
measures only one compartment at a time, then because some studies have suggested 
that the use of continuous measurement can lead to unnecessary fasciotomy [30–32].

8.5  Management of Acute Compartment Syndrome: 
A Surgical Emergency

Once the diagnosis of compartment syndrome is sure, fasciotomy should be carried 
out emergently; it is proved that an extended time period between onset of compart-
ment syndrome and surgical treatment worsens the outcome. Animal studies sug-
gest that tissue necrosis occurs within 6–12 h of onset of hypoxemia. The optimum 
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timing for fasciotomy is within 8 h from the development of acute extremity com-
partment syndrome, but the rationale is to perform fasciotomy as soon as possible 
[33–35] (Fig. 8.2).

In case of missed diagnosis of compartment syndrome for more than 24 h, it is 
questionable to perform fasciotomy. In fact, in such cases, muscle necrosis has 
already occurred and simple fasciotomy could pose the patients at high risk of bac-
terial colonization of necrotic tissues. If necrotic muscles become infected, repeated 
debridement is needed, and amputation might be necessary if the infection cannot 
be controlled. On the other hand, if acute extremity compartment syndrome has 
been missed for longer than 24–48  h without evidence of infection, nonsurgical 
management should be applied.

The fasciotomy must be complete in length, with decompression of all the mus-
cle compartments affected. Multiple techniques exist that might be used for closing 
or dressing fasciotomy wounds. It is important to avoid any constrictive dressing: 
the muscles, especially in the first hours, can worsen their swelling, and they should 
be allowed to fully expand. The fascia, the subcutaneous tissue, and the skin should 
left be open. Loose tension-based suture, as shoelace technique with vessel loops, 
can be applied; this suture can be tightened the following days, when swelling 
decreases [35–38].

Wet gauzes dressing or vacuum-assisted medication can be alternatively used. 
Standard wet gauzes should be changed every 24 h. VAC therapy allows 2–4 days 
of permanence on the wound. The goal of fasciotomy dressing is to facilitate delayed 
primary closure of the wound. The literature does not show completely agreement 
on the superiority of VAC dressing over wet gauzes. However, many studies support 
the evidence that use of VAC is associated with significantly higher rates of primary 
closure than traditional dressings [37, 38] (Fig. 8.3).

The wound should be closed when feasible: the fascia could left be open in case 
of excessive tension of the suture. Early closure of fasciotomy wounds has been 
associated with recurrence of compartment syndrome. When direct suture is not 
possible, skin graft may be used. Even if primary closure without tension is the gold 
standard, some authors strongly recommend the use of skin graft for fasciotomy 
closure: Johnson et  al. show less infection and significantly less pain in grafted 
patients compared to them with primary closure of the wound [39, 40].

Fig. 8.2 Anterolateral 
fasciotomy of the leg
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Complications to soft tissues and skin after fasciotomy are not rare. Nearly one- 
third of patients have postoperative complication: soft tissue necrosis, wound dehis-
cence, skin graft infection or necrosis, or need for tissue debridement. Even without 
occurrence of complications, patients treated with fasciotomy often complain of 
altered sensation and dry skin with pruritus, besides cosmetic issues [41, 42].

8.6  Specific Compartment Syndrome Locations

Acute compartment syndrome can occur in any location of the upper and lower 
extremities, from the shoulder to the hands and from the gluteal compartment to the 
foot. The lower leg represents the most frequent and vulnerable location for acute 
compartment syndrome, followed by the forearm, thigh, and upper arm [10].

8.6.1  Lower Extremity

8.6.1.1  Gluteal Region
Gluteal compartment syndrome is rare when compared to other anatomical regions. 
Only about 20% of the cases of gluteal compartment syndrome is secondary to pelvic 
trauma. More frequently the syndrome is the consequence of nontraumatic condi-
tions, such as prolonged immobilization due to loss of consciousness in patients with 
history of drug or alcohol abuse, incorrect position during orthopedic or urological 
surgeries with long operative time, infections, intramuscular drug abuse [43–45].

There are three compartments in this region: tensor fascia lata laterally, gluteus 
medium and minimus deeper, gluteus maximus posteriorly. Sciatic nerve runs 
through these compartments, between gluteus maximus and pelvis external rotator 
complex. When these muscles are swollen, the nerve is at high risk of compression. 
The consequence might be a neuropathy, with paresthesia in the early stage, and 
complete palsy if the syndrome remains untreated.

In case of massive necrosis of the gluteus muscles, high quantity of myoglobin is 
released in the blood stream. The consequences of the rhabdomyolysis are well 
known, carrying finally to acute kidney failure.

Fig. 8.3 Shoelace 
technique for closure of an 
anterolateral fasciotomy 
of the leg
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The literature does not reveal precise indications for surgery. Nearly 30% of the 
patients were treated conservatively, with careful monitoring. The other 70% were 
treated with emergent decompression of the three compartments [45, 46].

8.6.1.2  Thigh
Acute compartment syndrome of the thigh is a potentially devastating condition. 
The causes of the syndrome can be traumatic (femur fractures with or without vas-
cular injury, contusion with muscular hematoma) or nontraumatic (external com-
pression in consciousness people caused by narcotic overdose, incorrect 
intraoperative positioning during orthopedic procedures in patients with epidural 
anesthesia) [47–49].

The thigh has three compartments: anterior, medial, and posterior.
Clinical presentation of acute compartment syndrome is characterized by exces-

sive painful and tensely swollen thigh. Measurement of the thigh circumference 
may be helpful to monitoring the condition, determining progression of the swelling.

Some studies strongly recommend the treatment of acute compartment syndrome 
of the thigh with emergent fasciotomy. Often large inter or intramuscular hematoma 
is evacuated during surgery. Delayed fasciotomy was associated with increased 
complications. But has to be noticed that fasciotomy of the thigh results in large 
scars, with wound infection reported in up to 67% of the cases. On the other hand, 
thigh musculature can tolerate elevated compartment pressure for long period, if 
compared to other muscular regions [16, 48–50]. In fact, the compartment has large 
volume and its fasciae have a relatively elasticity.

For the reasons above, the course of the thigh compartment syndrome is variable. 
Some patients have high morbidity and mortality, others have an uncomplicated 
course with excellent outcomes. Consequently, there is not a strict recommendation 
for the treatment of acute thigh compartment syndrome (surgical versus 
conservative).

In the literature, the overall death rate in patients with acute thigh compartment 
syndrome was reported to be very high (till 47%). Other authors have instead 
reported mortality of 11%, caused by associated injuries rather than by direct con-
sequences of the syndrome [47–49].

8.6.1.3  Lower Leg
The lower leg is the most common location of acute extremity compartment syn-
drome. In general, up to 70% of all cases of compartment syndrome are associated 
with fractures, and nearly 40% of all cases are secondary to diaphyseal fractures of 
the tibia [6].

The lower leg consists of four compartments: anterior (containing ankle extensor 
muscles), lateral (peronei muscles), superficial posterior (sural triceps), and deep 
posterior (ankle flexor muscles). The anterior and lateral compartments are the most 
frequently affected by compartment syndrome.

Fractures of the diaphysis of the tibia are most commonly associated with acute 
extremity compartment syndrome of the lower leg (from 2 to 9% reported in the 
literature). Even fractures of proximal and distal metaphysis of the tibia can 
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provocate compartment syndrome, with different rate of occurrence described in the 
literature (1.4–17%). The predominance of compartment syndrome occurring in the 
middle third of the tibia can be attributed to the fact that diaphyseal portion of the 
tibia is surrounded by bulky muscle mass. Among tibial shaft fractures, displaced, 
comminuted, and segmental patterns are the most prone to develop compartment 
syndrome. Even then high-energy tibia fractures are associated with increased risk 
of developing compartment syndrome, a significant association between fracture 
type (A, B, or C sec. Ao classification) and compartment syndrome is yet debated. 
An open tibia fracture does not exclude the possibility of developing acute extrem-
ity compartment syndrome [6, 29, 34, 51–54].

Younger patients have higher risk to develop lower leg compartment syndrome, 
compared to old ones. This may be explained by the difference in muscle mass 
between young and old patients; younger have more muscle mass that can poten-
tially swell against relatively noncompliant fascia in limited space. Even the prop-
erty of the fascia can change during the years because of the different proportion 
and characteristics of collagen fibers between young and old people [51, 52, 55, 56].

The definitive treatment is emergency fasciotomy and decompression of the four 
compartments. This is usually achieved with two incisions, one centered over the 
intermuscular septum laterally (decompression of anterolateral and lateral compart-
ments) and the other posterior to the subcutaneous posteromedial border of the tibia 
(decompression of superficial and deep posterior compartments). A four- 
compartment decompression by a single incision has been described [57]. The inci-
sion is lateral, and can be done with or without fibulectomy. The procedure is usually 
performed by general or epidural anesthesia, but even bedside fasciotomy under 
local anesthesia could be an option in very unstable patients.

8.6.1.4  Foot
Each foot has nine compartments: medial, lateral, four interossei, and three central. 
Measurement of intracompartmental pressure of all compartments is virtually 
impossible because of the difficulty to target every compartment with the misura-
tion needle. Although emergency fasciotomy is indicated in practically all other 
acute extremity compartment syndromes, its recommendation in the foot lacks con-
sensus and is still debated. To make multiple large incisions on swollen and injured 
foot posed the extremity at high risk of wound complications; some surgeons thus 
prefer to manage the sequelae of untreated compartment syndrome [58–62].

8.6.2  Upper Extremity

8.6.2.1  Shoulder
Deltoid compartment syndrome is extremely rare, with few cases described. The 
reported cause is usually nontraumatic: prolonged compression in obtunded patients, 
drug or anabolic abuse with intracompartmental injection of heroin or hormone, 
long operation time in lateral decubitus. The fasciotomy is mandatory, with decom-
pression of the three deltoid compartments [63–65].
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8.6.2.2  Upper Arm
Upper arm includes two compartments, anterior (flexor) and posterior (extensor). 
The brachial fascia surrounds the two compartments that are separated by medial 
and lateral intermuscular septa.

Upper arm compartment syndrome is very rare; the few reported causes are trau-
matic (fracture, tendon rupture) and nontraumatic (anticoagulants, prolonged use of 
tourniquet).

Decompression can be achieved by a lateral incision (in case of concomitant 
fracture fixation) or by a medial incision (in case of revision of vascular lesion). 
There is no consensus on whether a release of both the anterior and posterior com-
partments should be performed when only one compartment is affected [17, 66, 67].

8.6.2.3  Forearm
The forearm is the most common site of compartment syndrome in the upper 
extremity. In the forearm there are four compartments, divided by fascia layers: 
superficial and deep volar compartments, dorsal compartment, and the mobile wad 
(posterolateral compartment).

Deep volar compartment is the most susceptible to ischemic and compression 
injury. It lays between the interosseous membrane, virtually inextensible, and the 
superficial volar compartment. It contains flexor pollicis longus and flexor digito-
rum profundus.

Superficial volar compartment, divided by fascia from the deep volar one, 
includes pronator teres, palmaris longus, flexor digitorum superficialis, flexor carpi 
radialis, and flexor carpi ulnaris.

Within the volar compartments run the median nerve, the anterior interosseous 
nerve, and the ulnar nerve. The median nerve runs in the forearm between the flexor 
digitorum superficialis and the flexor digitorum profundus, and is the most com-
monly injured in forearm compartment syndrome. It can also be compressed under 
the transverse carpal ligament.

The dorsal compartment lays on the interosseous membrane and contains exten-
sor of the thumb and extensor of the long fingers.

The mobile wad includes the brachioradialis, extensor carpi radialis longus, and 
extensor carpi radialis brevis.

Fractures of the forearm, both open and closed, are the most common causes of 
forearm compartment syndrome. There are also nontraumatic causes of forearm 
compartment syndrome, including reperfusion injury, angioplasty or angiography, 
intravenous line extravasations, injection of drugs, coagulopathies, or bleeding dis-
orders [68, 69] (Fig. 8.4).

In awake patients, pain out of proportion and pain with passive stretching of the 
fingers in a swollen forearm are considered very sensitive signs of compartment 
syndrome. In the early phases, it is fundamental to remove any bandages or splints 
that may be causing external compression on the forearm. The fractures should be 
realigned. If the suspect of compartment syndrome persists, fasciotomy should be 
urgently executed.
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Even if the compartment could involve only one or two compartments, many 
authors suggest to decompress all the four compartments: this is accomplished with 
two incisions, one on the volar aspect and one on the dorsal aspect of the forearm. 
The volar incision begins proximal and medial to the antecubital fossa and extends 
distally in a curvilinear fashion till the midline, at the level of the carpal tunnel (that 
should be released). The dorsal compartment and mobile wad are decompressed 
with a single incision beginning at the level of the lateral epicondyle and extending 
to the distal radioulnar joint in line with Lister tubercle [68–70].

Delay to decompress the forearm is predictive of long-term complications. If 
patients underwent fasciotomy after 6 h of presentation, then they were significantly 
more likely to develop complications. The overall complication rate, as described in 
a recent systematic review, is about 40%, including neurologic deficits, contracture, 
delayed fracture union, muscle necrosis, complex regional pain syndrome, and teth-
ering of skin graft to tendon limiting motion [71, 72].

8.6.2.4  Hand
The hand is composed of ten myotendinous compartments. Although anatomic 
studies suggest the presence of variability among individuals, the hand compart-
ments are the thenar, hypothenar, adductor, and seven interosseous compartments. 
The carpal tunnel is mostly considered part of the forearm. Each of these compart-
ments is bound by its own fascial envelope. The digits, despite the absence of mus-
cle bellies, are considered by some authors to contain individual compartments, 
delimited by the boundaries of Grayson and Cleland ligaments [73].

Due to the low incidence of hand compartment syndrome, few large studies 
exist, with the literature describing small case series or case report. The underlying 

Fig. 8.4 Compartment 
syndrome and fasciotomies 
of the upper extremity after 
an electrocution
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causes slightly differ from other compartment syndrome of the extremities: compli-
cations related to intravenous infiltrations, crush injuries, fractures, prolonged exter-
nal compression, insect bites, snake envenomation, high-pressure injections, 
infection, and burns [74, 75].

In the event of suspected compartment syndrome, any dressing should be 
removed. If the suspicious persists, decompression must be carried out urgently. 
The release of the dorsal and volar interossei is obtained with separate longitudinal 
dorsal incisions over the second and fourth metacarpal. Dissection is carried down 
along the sides of each metacarpal, and the fascia is incised. Deeper dissection is 
continued along the radial aspect of the second metacarpal to release the adductor 
compartment. A similar technique is used along the radial and ulnar side of each 
metacarpal to decompress the volar interossei. To release the thenar and hypothenar 
compartments, volar incisions are needed. Digital decompression is performed 
using midaxial incisions, releasing the Cleland ligaments, taking caution to avoid 
the neurovascular bundles [74–76].

If not treated, acute compartment syndrome of the hand will evolve in intrinsic 
contracture. The muscle bellies, after ischemia and necrosis, become fibrotic and 
shortened. The hand will assume an intrinsic minus position, with the metacarpo-
phalangeal joints in extension and the interphalangeal joints in flexion. The contrac-
ture of the first webspace, due to retraction of adductor muscles, can be associated 
to the other deformities. The prognosis for functional recovery is extremely low 
[74, 75].

8.7  Considerations in the Pediatric Population

Acute compartment syndrome in children is a rare but potentially devastating 
condition affecting orthopedic patients. The reported causes are the same of 
those of the adult population, with traumatic as the most common. In the upper 
extremity supracondylar humerus fractures and both bone forearm fractures are 
the most frequently involved in acute compartment syndrome; in the lower limb, 
tibia fractures are the main causes. Nontraumatic causes can be iatrogenic, due 
to casting complications, intravenous infiltrations, or intravenous medication 
administration [26, 77].

The diagnosis of acute extremity compartment syndrome in children is particu-
larly difficult and is often delayed because the classic signs commonly described in 
adults are not constant. The three A’s can be helpful when formulate a suspicious of 
compartment syndrome in children: anxiety, agitation, and increasing analgesic 
requirement. As described, the pressure threshold that mandates fasciotomy is 
debatable. In adults an absolute pressure of 30–45 mmHg has been suggested as an 
indication for decompression. Because normal compartment pressures are higher in 
children, and these values cannot be used as reliable standards in children. 
Furthermore, direct measurement of intracompartmental pressure using a needle 
and catheter is invasive and can be difficult in children. With this, compartment 
syndrome remains fundamentally a clinical diagnosis even in children [26, 77, 78].

L. Branca Vergano and P. F. Stahel



93

When compartment syndrome is suspected, circumferential dressings should be 
split and casts should be bi-valved. If the clinical diagnosis of compartment syn-
drome is made, emergent fasciotomy and decompression is indicated. Despite a 
long period from injury to surgery in many cases reported in the literature, excellent 
results were achieved with fasciotomy in most patients. The reason is that children 
can tolerate increased intracompartmental pressure for longer periods of time than 
adults before tissue necrosis becomes irreversible [77, 79].

8.8  “Crush” Syndrome

Crush injury, literally, is a lesion resulting from direct physical crushing of the mus-
cles due to something heavy. When the limbs are subject to prolonged pressure or 
are tightly restrained, rupture of muscle cells releases myoglobin. Myoglobin is 
filtered out of the glomerulus, but once the renal threshold is exceeded, it precipi-
tates in the distal convoluted tubules causing obstruction. Furthermore, other sub-
stances such as potassium, magnesium, phosphate, acids, enzymes like creatine 
phosphokinase and lactate dehydrogenase are released into the blood stream. These 
are essential for cell function, but are toxic when released into circulation in large 
amounts. The consequent metabolic changes rapidly leads to the so-called crush 
syndrome [2, 18, 19, 80].

The muscles are grossly swollen, hard, cold, insensitive, and necrotic (Fig. 8.5). 
Kidneys also tend to be edematous and increase in volume. The released potassium 
in the circulation causes alteration in cardiac rhythm; respiratory gas exchange due 
to lung edema. Ultimately, shock develops, followed by ARDS, SIRS, sepsis, and 
finally death.

The majority of crush syndrome reported in literature are associated with disaster 
(earthquake, explosion, terroristic attack), with a large number of victims. In daily 
practice, crush syndrome can be occasionally seen in comatose patients, after pro-
longed rescue in traffic accident, in patients receiving surgery in tight position [80, 81].

Most of these patients are conscious at rescue; crush injuries, in fact, are not 
common after head and chest injuries because the prolonged pressure necessary to 
cause this syndrome often results in death for massive brain injury or for hypoxia.

After rescue and initial resuscitation, the key is to recognize the signs and symp-
toms of the syndrome: petechiae, blisters, muscle bruising, and superficial injuries 

Fig. 8.5 Muscle necrosis 
after crush syndrome 
of the leg
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are common. Myalgia, muscle paralysis and sensory deficit, fever, cardiac arrhyth-
mia, pneumonia, oliguria, and renal failure are the natural consequence of crush 
injuries. After rescue of these patients, reperfusion of the muscles can worsen the 
general status. Large amounts of potentially toxic substance are suddenly released 
into the blood stream, reaching rapidly brain, heart, lung, and kidneys. The keys of 
treatment are replacement of fluid, maintenance of effective kidney function, and 
decompression of the suffering muscular compartments [80, 81].

8.9  Acute Exertional Compartment Syndrome: A Rare 
Occurrence That Is Frequently Missed

Nontraumatic root causes of acute compartment syndrome of the extremities were 
described earlier in this chapter. One of the most concerning entities is related to 
acute exertional compartment syndrome which can occur after any extent of physical 
exercise in absence of a preceding trauma mechanism [16, 20]. A multiplicity of case 
reports have been published on the rare entity of acute exertional compartment syn-
drome of the leg, foot, and upper extremity [82–88]. All these reports unequivocally 
emphasize the notion that a missed diagnosis leading to delayed surgical treatment is 
associated with dismal patient outcomes, and most frequently related to the absence 
of a trauma mechanism which decreases the level of suspicion by the treating physi-
cian [82–88]. These findings corroborate the notion that the presence of pain out of 
proportion, reflected by the revised “5 P’s” (Pain, pain, pain, pain, pain!), frequently 
represents the exclusive cardinal symptom suggestive of presence of acute compart-
ment syndrome of the extremities, independent of the underlying etiology and 
absence of a preceding trauma mechanism [20, 89]. Thus, as a general rule of thumb, 
it is highly prudent for any physician, independent of the medical specialty, to con-
sider presence of acute compartment syndrome in ANY patient with pain to the 
extremities, independent of the root cause, until proven otherwise [20, 89].

8.10  Outcomes of Compartment Syndrome and Sequelae

Acute compartment syndrome is related to high costs for the community: hospital-
ization increased threefold and overall costs are 2.3 times higher than for uncompli-
cated patients. Acute compartment syndrome can be a reason for legal dispute; late 
diagnosis and subsequent late treatment are the most important factors related to 
indemnity compensation [90–92].

The overall mortality after compartment syndrome has been reported to be as 
high as 15%, but the correlation is suggested to be more with the concomitant trau-
matic injury than with the extremity lesion itself. Among survived patients, loss of 
limb is obviously the worst complication after development of compartment syn-
drome. The reported amputation rate after compartment syndrome is 5.7–12.9%. 
Risk factors for amputation include male gender, associated vascular injury, and 
delayed fasciotomy [16, 20, 89].
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When fasciotomies are performed more than 8 h after injury, rate of complica-
tions, and consequently bad outcomes, progressively increases. Consequently, even 
in case of saving the limb, the patient can still develop tremendous disability. A 
delay in the diagnosis of acute compartment syndrome can have devastating conse-
quences for the function of the extremity of the patient. Physicians and patients 
might believe that a delay in diagnosis is due to abnormal presentation and symp-
toms; on the other hand, inadequate training and poor culture of trauma could rep-
resent important risk factors for missed diagnosis [91, 92].

When acute extremity compartment syndrome of the lower leg is missed or treat-
ment is delayed, late functional disabilities mostly consists in limited range of move-
ment of the ankle, reduced functional strength of the foot extensors, contractures of 
the foot flexors, abnormal superficial sensibility, and chronic pain. The ischemic 
insult to the nerves might result in decreased proprioception and sensation. Lesser-
toe deformities (claw toes) and cavus foot deformity are common sequelae as well. 
It has to be noted that the degree of subsequent functional disability is strongly influ-
enced by the severity of the primary soft tissue trauma [38, 56, 59, 60] (Fig. 8.6).

In the upper limb, Volkmann contracture is the result of irreversible tissue isch-
emia, muscle necrosis with consequent fibrotic evolution and retraction. In the fore-
arm, the typical posture that develops includes elbow flexion, forearm pronation, 
wrist flexion, and thumb adduction with the metacarpophalangeal joints in exten-
sion and the interphalangeal joints in flexion. The median nerve is often affected 
because it lays in the deeper zone of the forearm, that is more severely compromised 
by ischemia. The main goal in the management of Volkmann contracture is to 
restore function; however, normal function of the upper extremity should not be 
expected. Affected muscles are exposed, fibrotic tissue is removed, tenolysis and 
neurolysis of the median and ulnar nerves should be performed. Tendon transfer 
may be a solution to improve the long-term residual function [68, 69, 72, 74].
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ECS Extremity compartment syndrome
EVLW  Extravascular lung water
FG  Filtration gradient
GEDVI Global end-diastolic volume index
HAPS Hepato-abdominal-pulmonary syndrome
HARS Hepato-abdominal-renal syndrome
IAH Intra-abdominal hypertension
IAP Intra-abdominal pressure
IAV Intra-abdominal volume
ICP Intracranial pressure
ITP Intra-thoracic pressure
IVC Inferior vena cava
MAP Mean arterial pressure
PAOP Pulmonary artery occlusion pressure
PCS Polycompartment syndrome
PEEP Positive end-expiratory pressure
PPV  Pulse pressure variation
ROSC Return of spontaneous circulation
RPP Renal perfusion pressure
RVEDVI Right ventricular end-diastolic volume index
SVV  Stroke volume variation
TAI  Thoraco-abdominal index of transmission
TCS  Thoracic compartment syndrome
VPS Ventriculo-peritoneal shunt

9.1  Summary

A compartment is a closed anatomic space within the human body. It is like a box 
with six walls that can be partially rigid or flexible. There are four major compart-
ments in the human body: head, chest, abdomen, and extremities. Each compart-
ment contains single or multiple organs with their blood perfusion systems.

A compartment syndrome (CS) is the pathological increase in the pressure within 
a compartment that impairs blood supply to the contents and threatens the viability 
of surrounding tissue. Within each compartment, an individual organ or a region 
with multiple organs can develop compartment syndrome.

Different body compartments can be differentiated according to the contained 
organs and the anatomical site but should not be considered physiologically iso-
lated. Changes in one compartment can affect the adjacent one as well as remote 
ones, either upstream or downstream.

Scalea et al. first described the combination of increased compartmental pressures 
existing in multiple compartments: intra-abdominal pressure (IAP), intrathoracic 
pressure (ITP), and intracranial pressure (ICP) in traumatic brain injury patients [1]. 
He called this combination the multi- or multiple compartment syndrome. The term 
polycompartment syndrome was coined afterwards to stop confusion with multiple 
limb trauma and a compartment syndrome justifying decompressive fasciotomy.
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The polycompartment syndrome (PCS) is a constellation of the physiological 
sequelae of increased compartment pressures in multiple compartments of the body. 
The abdomen plays a central role in the polycompartment syndrome, and the effects 
of IAH on different organ systems within and outside the abdomen are well recognized.

In this chapter, we will understand the pathophysiology, clinical presentation, 
and the management of the polycompartment syndrome.

9.2 Definitions

According to the Abdominal Compartment Society, formerly known as the World 
Society on Abdominal Compartment Syndrome (WSACS, www.wsacs.org) [2] 
consensus definitions, polycompartment syndrome is the condition in which two or 
more anatomical compartments have elevated compartment pressures.

9.2.1 Compartment Syndrome

A compartment syndrome (CS) exists when the increased pressure in a closed ana-
tomic space threatens the viability of surrounding tissue. Within the body, there are 
four compartments, the head, the chest, the abdomen, and the extremities. Within 
each compartment, an individual organ or a region with multiple organs can develop 
a CS. A CS is not a disease, and as such, it can have many causes, and it can develop 
within many disease processes [3].

The increased compartment pressure (CP) will exert a direct force on the original 
compartment and its contents by increasing venous resistance and decreasing perfu-
sion pressure, as well as on distant compartments.

9.2.2 Polycompartment Syndrome

The polycompartment syndrome is a pathophysiological disorder of two or more 
compartments in which acute or chronic dysfunction of one compartment may 
induce acute or chronic dysfunction in the other [4]. Table 9.1 lists some examples.

9.2.3 Classification

Classification of compartment syndrome can be primary or secondary [2, 3]:

 – Primary compartment syndrome is the condition in which injury or disease orig-
inates in this compartment as development of an abdominal compartment syn-
drome (ACS) after a ruptured abdominal aorta aneurysm.

Secondary compartment syndrome occurs when the injury does not originate within 
the compartment itself as in the development of lower extremity compartment syn-
drome with ACS.

9 Polycompartment Syndrome
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Table 9.1 Example of case scenarios

Case 
scenario Polycompartment syndrome presence Treatment
Case 
scenario 1

A patient with a car accident and blunt 
abdominal trauma developed intracranial 
hypertension and worsening neurologic function 
due to spleen rupture with ACS

Neurologic condition improved 
after abdominal decompression 
and splenectomy

Case 
scenario 2

A patient with burns developed ACS after 
placement of a subclavian central venous line 
(IAP > 20 mmHg on continuous tracing) 
followed by acute respiratory failure due to 
tension pneumothorax and subsequent ACS

Respiratory and hemodynamic 
function improved after 
placement of a chest tube, but 
moreover, IAP also returned to 
normal

Case 
scenario 3

A hematologic patient with graft versus host 
disease of the bowel developed abdominal 
hypertension related to infection with 
clostridium difficile and toxic megacolon

Finally, a total colectomy was 
performed resulting in reduction 
of IAV and normalization of IAP

Case 
scenario 4

A hematologic patient with chronic myeloid 
leukemia and splenomegaly developed signs 
and symptoms of dyspnea related to pulmonary 
hypertension on transthoracic cardiac ultrasound

After splenectomy, abdominal 
hypertension normalizes, and 
pulmonary hypertension 
disappeared

Case 
scenario 5

A patient with a ventriculoperitoneal shunt 
(VPS) developed headache due to shunt 
dysfunction because of obstipation and 
abdominal hypertension

After rectal enema and bowel 
evacuation, (with normalization 
of IAH), the VPS functioned 
again normally

Case 
scenario 6

A patient with morbid obesity had signs and 
symptoms of idiopathic intracranial 
hypertension (pseudotumor cerebri)

The symptoms disappeared after 
bariatric surgery and weight loss

Case 
scenario 7

A patient with COPD was treated with 
noninvasive ventilation via mask interface. When 
the physiotherapist puts him into the upright 
position, the patient suffered from a cardiac arrest 
due to aerophagia and gastric distension

Only after the placement of a 
nasogastric tube and evacuation 
of the air from the stomach, 
return of spontaneous circulation 
(ROSC) occurred

Case 
scenario 8

A patient with head trauma developed 
intracranial hypertension during colonoscopy

After colonic decompression, 
ICP normalized

9.2.4 Abdominal Compliance

Abdominal compliance (Cab). Abdominal compliance plays a central role in the 
development of polycompartment syndrome. It is a measure of the ease of the 
abdominal expansion in response to an increase in the intra-abdominal volume 
(IAV). From the physics point of view, it is reciprocal to elasticity (E).

 Compliance (C v) = D  

 Cab = DIAV  

where the IAV is the intra-abdominal volume. Normal Cab is 250–450 mL/mmHg.
The compliance can be presented by a volume/pressure curve, where the slope of 

the curve represents Cab. The Cab is initially linear, and then at a particular “critical” 
volume, the pressure increases exponentially after exhaustion of the compensatory 
mechanisms from reshaping to stretching and pressurization of the abdominal cav-
ity [5]. This is illustrated in Fig. 9.1.

Measurement of IAV may be cumbersome at the bedside; however, we need the 
change in IAV, not the resting or the static IAV, to calculate Cab. Therefore, we can 
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obtain the ΔIAV during addition or removal of abdominal fluid (or fluid from the stom-
ach as a surrogate) or abdominal gas following induced pneumoperitoneum during 
laparoscopic surgery. Abdominal pressure variation (APV) during continuous IAP 
monitoring is a useful estimate of the Cab, and the higher the APV, the lower the Cab and 
vice versa (Fig. 9.2). The APV can be defined as follows [7]:

APV = ΔIAP/mean IAP

This chapter will discuss the different individual compartment syndromes from 
head till toe, as well as the different possible combinations (polycompartment syn-
drome) and how each compartment can affect others. Being apparently the most 
critical and the key to understanding polycompartment syndrome, we will discuss 
the abdominal compartment first.

9.3  Abdominal Compartment Syndrome (ACS)

9.3.1  Background

The abdominal compartment takes a central position among other compartments, and 
ACS can affect all other major compartments, head, chest, and extremity, along with 
the contained mini-compartments in the abdomen such as kidney, liver, and pelvis.

The IAP increases the ITP by a certain degree. This is called the abdomino- 
thoracic index of transmission (ATI). As the abdomen plays a central role, the IAP 
will also be transmitted to other compartments (Fig. 9.3).
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Fig. 9.1 The pressure–volume curve in the abdominal compartment. Schematic representation of 
different phases during increasing intra-abdominal volume (IAV) in two patients undergoing lapa-
roscopy (CO2—insufflation). Shaded areas represent in light gray the reshaping phase (A and A′), in 
mid-gray the stretching phase (B and B′), and in dark gray the pressurization phase (C and C′). The 
accent (′) indicates the patient with normal abdominal compliance. In the patient with poor compli-
ance, the reshaping phase went from IAV of 0–2.8 L (vs 0–3.8 L when compliance was normal), the 
stretching phase from IAV of 2.8 to 5.6 L (vs 3.8–7.2 L, respectively), and the pressurization phase 
from IAV beyond 5.6 L in the patient with low vs 7.2 L in the patient with normal compliance. 
Adapted from Malbrain et al. with permission under the Open access CC BY License 4.0 [6]
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Abdominal Pressure Variation = APV = 16.2 %
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Fig. 9.2 Estimation of abdominal compliance with abdominal pressure variation. Smoothed average of 
a continuous IAP tracing, excluding the pulse pressure artifacts during BiPAP ventilation with a plateau 
pressure of 25 and PEEP of 10 cmH2O. Mean IAP was 18.5 mmHg with IAP = 17 mmHg at end-
expiration (IAPee) and IAP = 20 mmHg at end-inspiration (IAPei), resulting in an ∆IAP (defined as 
IAPei—IAPee)  =  3  mmHg. The abdominal pressure variation (APV) can be calculated as ∆IAP 
divided by mean IAP (i.e., 3/18.5 = 16.2%). Higher APV values for a given ventilator setting corre-
spond to lower abdominal wall compliance. The thoraco-abdominal index (TAI) of transmission can be 
calculated as ∆IAP divided by (Plateau pressure minus PEEP) or, thus, 3 mmHg = 4 cmH2O/15 = 26.7%. 
Adapted from Malbrain et al. with permission according to the Open access CC BY License 4.0 [7]

For calculation of ATI, we will need continuous and simultaneous monitoring of 
central venous pressure (CVP) or pulmonary artery occlusion pressure (PAOP) and 
IAP.  The application of external pressure on the abdominal wall during end- 
expiration will affect filling pressures. The change in CVP or PAOP during end- 
expiration is expected to be due to the change in the IAP (Fig. 9.4).

So, the 

ATI = ΔCVPee/ΔIAPee or = ΔPAOPee/ΔIAPee.

The ATI is always estimated roughly as 50% and is important when estimating trans-
mural pressures. So that as a rule of thumb trans-mural can be calculated as follows: 

CVP (CVPtm) = CVPee − IAP/2.

The abdomino-thoracic effects are mainly pulmonary and cardiovascular. The 
index of transmission is affected by actions of the diaphragm, the rib cage, and the 
abdominal wall (Table 9.2).

9.3.2  Pulmonary Effects of ACS

9.3.2.1 Pathophysiology
High IAP affects the thoracic compartment both directly and indirectly.
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Fig. 9.3 Changes in intra-abdominal pressure (∆IAP) will lead to concomitant changes in pres-
sures of other compartments. Thoraco-abdominal pressure transmission can be seen with positive 
pressure ventilation, PEEP or auto-PEEP, or pneumothorax. ACI abdomino-cranial index of trans-
mission, AEI abdomino-extremities, ATI abdomino-thoracic index of transmission, ECP extremity 
compartment pressure, ICP intrathoracic pressure, ITP abdomino-thoracic index of transmission, 
PPV pulse pressure variation, SVV stroke volume variation, TAI thoraco-abdominal index of 
transmission
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Fig. 9.4 Calculation of abdomino-thoracic index of transmission (ATI). The change in IAP from 
2 to 11 mmHg results in a concomitant change in CVP from 8.5 to 13.5 mmHg. Hence the ATI can 
be calculated as the ΔCVPee/ΔIAPee, or thus 5/9 or 55.6%

9 Polycompartment Syndrome



108

Directly through the cephalic displacement of the diaphragm and compression of 
the thoracic structure (heart, lung, and vessels).

Indirectly where the abdominal pathology causes capillary leak syndrome as 
seen in abdominal sepsis or as a result of fluid over-resuscitation for initial treat-
ment of hypotension caused by IAH. This can also be a secondary increase related 
to causes outside the abdomen and the chest (e.g., severe burns).

Lung compression causes decreased lung compliance, decreased functional 
residual capacity, and alveolar atelectasis. These effects will lead to ventilation- 
perfusion mismatch, hypercapnia, and hypoxemia.

In critically ill patients, these changes usually necessitate mechanical ventilation 
which, in turn, will further increase the ITP and IAP. Mechanical ventilation in these 
patients is problematic in dealing with these increased pressures.

9.3.2.2  Mechanical Ventilation During Raised IAP
Mechanical ventilation in IAH/ACS has special considerations [8]. The main issue 
is to set the ventilator pressure to counteract the increased IAP and ITP.

• Positive end-expiratory pressure (PEEP): The best PEEP should be set at least 
equal to the abdomino-thoracic index transmission (ATI) as calculated above.
ATI is estimated to be around 50%. So, the best PEEP can be calculated as IAP/2. 
As a rule of thumb, we can adjust the PEEP in cmH2O to counteract the IAP in 
mmHg where (cmH2O = 1.36 mmHg).

• Plateau pressure (Pplat): During lung-protective strategy, plateau pressure is rec-
ommended to be kept <30 cmH2O; however, in case of increased ITP, we should 
consider the trans-mural Pplat (Pplattm) < 30 cmH2O. 

Pplattm = Pplat − ITP = Pplat − IAP/2.

• Higher airway pressures may be acceptable and may arise due to reduced chest 
wall compliance. Corrected target plateau pressure = target plateau pressure − 7 
+ IAP (mmHg) * 0.7 [8].

9.3.3  Cardiovascular Effects of ACS

IAH worsens all cardiac functions in terms of contractility, preload, afterload, and 
diastolic function [9–12].

• Direct compression on the heart decreases contractility and diastolic function, 
primarily, of the low-pressure chambers.

Table 9.2 Effect of actions of the diaphragm, the rib cage, and the abdominal wall on intra- 
abdominal pressure (IAP) and intra-abdominal volume (IAV)

Effect on IAP Effect on IAV
Abdominal muscle contractions ↑ ↓
Diaphragm movement (inspiration) ↑a ↑
Rib cage action (inspiration) ↓ ↓

aThe effect of diaphragm excursions on IAP depends on the abdominal wall compliance; in case of 
very good compliance, there will be no increase in IAP
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• IAH compresses the infgerior vena cava (IVC) and the heart, hence reducing 
venous return and cardiac filling, thereby decreasing the cardiac preload.

• The increasing ITP compresses the aorta and the pulmonary circulation, thereby 
increasing the afterload.

• Coronary perfusion pressure (CoPP) can also be affected by the raised ITP as 
follows: 

CoPP = DBP − PAOP = DBP − ITP

where DBP is the diastolic blood pressure.

9.3.3.1  Effects of IAH and ACS on Hemodynamic Monitoring
• IAH and the raised ITP makes the pressure-related preload measurements falsely 

high. The use of trans-mural filling pressures during end-expiration can correct 
for the increased outside pressure. The ATI can be used for this purpose as men-
tioned above.

• Volumetric preload measures as right ventricular end-diastolic volume index 
(RVEDVi) and global end-diastolic volume index (GEDVi) may be preferred 
over barometric preload indices during IAH.

• Pulse pressure variation (PPV) is preferred over stroke volume variation (SVV) 
with increasing the threshold for fluid responsiveness and fluid administration 
from 12 to 20%.

Venous return from the lower limbs is impaired by the raised IAP, so the passive 
leg raising test can be a false negative.

9.3.4  Central Nervous System Effects of ACS

IAH compresses the IVC and lumbar venous plexus, causing engorgement of the 
peri-spinal venous plexus that increases the spinal cord pressure and the intra-cra-
nial pressure (ICP).

Raised ITP—resulting from the IAH—impairs the cerebral venous blood flow 
along with the usual accompanying hypotension with low mean arterial pressure 
(MAP). All of these combined factors can impair the cerebral and spinal cord perfu-
sion accordingly:

• Cerebral perfusion pressure (CPP) = MAP − (ICP or CVP) whichever is highest
• Spinal cord perfusion pressure (ScPP) = MAP − (ICP or IAP) whichever is highest

9.3.5  Extremity Effects of ACS

Vascular supply of the lower limbs originates primarily in the abdominal compart-
ment, so the IAP can compress arterial and venous system, causing ischemia and 
venous congestion. This will cause eventually lower extremity compartment syn-
drome as will be discussed further.
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9.3.6  Renal Compartment Syndrome

The kidneys are especially prone to increases in IAP and are considered to be the canar-
ies in the coalmine for IAH [4]. This will be discussed in a separate chapter on cardio-
abdominal-renal syndrome (CARS). Elevated IAP significantly decreases renal artery 
blood flow and compresses the renal vein leading to renal dysfunction and failure.

Oliguria develops when IAP > 15 mmHg and anuria when IAP is >20–25 mmHg 
in the presence of normovolemia and at lower levels of IAP in the patient with hypo-
volemia or sepsis. Renal perfusion pressure (RPP) and renal filtration gradient (FG) 
have been proposed as critical factors in the development of IAP-induced renal failure.

An increasing number of large clinical studies have identified that IAH (15 mmHg) 
is independently associated with renal impairment and increased mortality. The etiology 
of these changes is not entirely well established; however, it may be multifactorial:

• Reduced renal perfusion
• Increased venous congestion
• Reduced cardiac output
• Increased systemic vascular resistance
• Alterations in humoral and neurogenic factors

Within the capsule of the kidney itself, local hematoma formation (caused by 
trauma or bleeding diathesis) may have an adverse effect on tissue perfusion, caus-
ing local renal compartment syndrome [4].

9.3.7  Hepatic Compartment Syndrome

9.3.7.1 Pathophysiology
IAH-related liver dysfunction is probably caused by multiple factors through direct 
compression on hepatocytes, and the hepatic arterial, portal, venous, and microcir-
culation, causing decreased liver perfusion. It may also be related to the associated 
reduced cardiac output.

IAH-related liver dysfunction is associated with reduced mitochondrial function, 
disturbed glucose metabolism with an increase in lactate production and reduced 
lactate clearance.

Local hepatic compartment syndrome can occur after liver surgery, trauma 
(packing), and liver sub-capsular hematoma.

9.3.7.2  Hepato-Abdominal-Renal Syndrome (HARS)
The term HARS describes the pathophysiology of the hepato-renal syndrome by 
addressing the vital role of IAP [13].

Cirrhosis is associated with progressive vasodilatation, reduced the effective cir-
culating volume and microcirculatory damage with glycocalyx shedding. Portal 
hypertension, along with hypo-albuminemia causes ascites that may increase IAP, 
which, in turn, impairs the renal function.

Reducing the IAP by paracentesis can restore the renal function as long as the 
patient is euvolemic.
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Hepatic congestion associated with cardiac failure may cause HARS and can be a 
contributing factor in developing CARS. This will be discussed in a separate chapter.

9.3.7.3  Hepato-Abdominal-Pulmonary Syndrome (HAPS)
The term HAPS is developed to emphasize the important role of IAP in the patho-
physiology of dyspnea during liver disease.

Many causes of dyspnea during liver disease is associated with raised IAH. IAH 
causes basal lung atelectasis, reduced lymphatic drainage with interstitial edema, 
and fluid overload, which may be caused by CARS [15–17] as illustrated in Fig. 9.5.

9.3.8  Pelvic Compartment Syndrome

The pelvic compartment can be further divided into three regions: the gluteus 
medius-minimus, gluteus maximus, and the iliopsoas [18]. Local compartment syn-
dromes would occur due to local hematoma and infection. Retroperitoneal hema-
toma (iliopsoas compartment) can cause pressure over the ureters leading to 
obstructive uropathy.

Massive retroperitoneal hematoma would itself cause an increase in the IAP and 
all the secondary effects, including renal dysfunction.

Medical management
Analgosedation

Fluid resuscitation
Vasopressors

Mechanical ventilation

Acute Gl injury
Gut dysmotility

Bowel distension
Local inflammation

Pro-inflammatory cascade

IAH
Reduced cardiac output

Increased venous pressure
Reduced lymph drainage

Relative hypovolemia

Tissue hypoperfusion
Venous stasis
Capillary leak
Gut oedema

Lymphostasis

Fig. 9.5 Interactions between medical management, intra-abdominal hypertension (IAH), acute 
gastro-intestinal (GI) injury, and tissue hypoperfusion. Adapted with permission from Blaser et al. [14]
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9.4  Intracranial Compartment Syndrome

9.4.1  Background

The brain is enclosed within the rigid bony skull. This puts the brain at risk for the 
development of a compartment syndrome, being within a low compliant space [4]. 
The intracranial compartment contains three main components: the brain tissue, 
cerebrospinal fluid (CSF), and the intracranial blood.

According to the Monroe-Kellie doctrine, any increase of one component will 
reciprocally decrease the other two components as a compensatory mechanism to 
prevent the rise in ICP.

Normal ICP should be <10 mmHg, and intracranial hypertension is diagnosed 
when ICP > 15 mmHg. ICP can be measured directly via the pressure in the brain 
tissue, or indirectly via the lateral ventricle or the spinal CSF in the lateral recum-
bent position if freely communicating with the brain CSF.

9.4.2  How Cranial Compartment Syndrome (CCS) Affects 
Other Compartments?

The first description of the relationship between raised ICP, IAP, and ITP was in 
traumatic brain injury patients by Scalea et al., who named this syndrome by multi- 
or multiple compartment syndrome [1].

To maintain the CPP (with CPP = MAP − ICP or CVP), we should reduce the ICP 
according to the cause and maintain sufficient MAP. Maintenance of MAP is usually 
accomplished by fluids or vasopressors. Fluids used to augment MAP can promote 
further brain edema (with higher ICP) and capillary leakage, causing ITP, IAP to rise.

The raised ITP and IAP themselves increase the CVP as mentioned before, caus-
ing further reduction of the CPP.

9.4.3  Orbital Compartment Syndrome

The acute form of this syndrome is rare [4]. Orbital pressure is difficult to measure, 
so the orbital pressure is used as a surrogate. It may happen in burn patients after 
24 h of fluid resuscitation, peri-ocular burn, spine surgery, intra-orbital hematoma, 
or vascular disorders with the ophthalmic vessels. It will also compress the con-
tained ocular compartment.

9.4.4  Ocular Compartment Syndrome

Primary ocular compartment syndrome can occur with glaucoma and tumors. 
Intraocular hypertension is defined as intraocular pressure (IOP) > 17 mmHg and 
ocular compartment syndrome as IOP > 25 mmHg.
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9.5  Thoracic Compartment Syndrome

9.5.1  Background

Thoracic compartment syndrome (TCS) has traditionally been described in adult 
and pediatric patients undergoing cardiac surgical procedures [19, 20]. In the setting 
of substantial myocardial edema, acute ventricular dilatation, mediastinal hema-
toma, or noncardiogenic pulmonary edema, sternal closure may precipitate cardiac 
tamponade physiology leading to hemodynamic instability or collapse [19, 20]. 
TCS is rarely seen in patients with thoracic trauma due to the limited survival when 
injuries are significant enough to result in massive tissue edema after resuscitation, 
although traumatic cardiac tamponade due to bleeding can be seen as a hyperacute 
primary TCS. In the ICU, increased ITP is seen most commonly in relation to sep-
sis, capillary leak, fluid resuscitation, positive pressure ventilation with high PEEP 
or dynamic hyperinflation, pneumothorax, COPD with auto-PEEP, diminished 
chest wall compliance (e.g., morbid obesity or eschars), lung fibrosis, and 
ARDS. Due to the rising ITP, the resulting increased mean or peak inspiratory pres-
sure during thoracic wall closure may serve as an early warning that the patient is at 
risk for TCS. The increased ITP (normal <5–7 mmHg) that can be measured via a 
balloon-tipped catheter positioned in the lower third of the esophagus will exert its 
effect on the lungs, the heart, and the brain (by limiting venous return).

Primary causes of the thoracic compartment syndrome are as follows:

 1. Accumulation of air:
• Pneumothorax, pneumo-mediastinum, and pneumo-pericardium
• PEEP and alveolar pressure during MV, or auto-PEEP in COPD patients

 2. Accumulation of fluid: as hydrothorax and pericardial effusion OR interstitial 
lung edema (extravascular lung water (EVLW)) in the setting of capillary leak 
and increased IAP with venous and lymphatic congestion.

 3. Accumulation of blood: as hemo-thorax and hemo-pericardium
 4. Decreased chest and/or lung compliance: as in the case of morbid obesity, chest 

deformities, chest wall burn, lung fibrosis, and ARDS.

There are special considerations for mechanical ventilation in patients with 
increased ITP and IAP to counteract their effects on pulmonary pressures. They 
were discussed above with the pulmonary effects of raised IAP.

9.5.2  How the Thoracic Compartment Affects 
Other Compartments?

The thoracic compartment is considered central in the polycompartment model. Just 
like the abdomen, it can affect all other compartments, and it contains the vital 
organs, the heart, and the lungs.
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• Cranial compartment:
As mentioned before, CPP = MAP − ICP or CVP, which is higher. Increased ITP 
decreases MAP and increases both ICP and CVP; therefore, intrathoracic hyper-
tension (ITH) causes impairment of the CPP.

• Abdominal compartment:
The interaction between the abdominal and thoracic compartment is compli-
cated, but it is easily identified. The thoracic pressure is transmitted to the 
abdominal compartment by a certain degree, which is called the thoraco-abdom-
inal index of transmission (TAI).

Thoraco-abdominal index of transmission = ΔIAP/(Pplat − PEEP), where Δ 
IAP is the difference between the IAP in end-inspiration and in end-expiration, 
Pplat is the plateau alveolar pressure and PEEP is the positive end-expiratory 
pressure.

Note: The TAI is the index of transmission of the thoracic pressure to the 
abdominal compartment, while the ATI is the index of transmission of abdominal 
pressure to the thoracic compartment.

9.5.3  Cardiac Compartment Syndrome

The cardiac compartment lies within the thoracic compartment. Cardiac compart-
ment syndrome is well known as cardiac tamponade. Acute accumulation of fluid or 
air in the pericardium can compress the heart, impairing cardiac filling, increasing 
afterload by compressing the major vessels within the pericardium, and decreasing 
cardiac contractility due to ischemia and direct compression. This is manifested by 
tachycardia, low MAP, high CVP, and pulsus paradoxus.

As little as 250 mL of fluid can cause acute cardiac tamponade, whereas under 
chronic conditions, greater amounts of fluid can accumulate as the cardiovascular 
system can slowly adjust. The same effect on the heart can occur via the trans-
mission of increased ITP either directly, as seen with TCS or indirectly, as seen 
with ACS, due to the cephalad movement of the diaphragm. In the case of 
increased ITP or IAP, coronary perfusion pressure (CoPP) is lowered as previ-
ously discussed.

The increase in ITP will also result in a problematic preload assessment 
because traditional filling pressures will be erroneously increased. When ITP or 
IAP rises above 10–12 mmHg, CO drops due to an increase in afterload (systemic 
vascular resistance) and a decrease in preload and left ventricular compliance 
[10–12]. Tachycardia may develop, mean arterial blood pressure will decrease, 
and a pulsus paradoxus (or increase in pulse pressure variation (PPV)) may occur. 
Cardiovascular dysfunction and failure (low CO, high SVR) are common in con-
ditions of increased ITP or IAP [9]. Finally, hepatomegaly (backward failure) 
may develop in chronic cases so that cardiac tamponade may have indirect effects 
on other organs.
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9.6  Limb/Extremity Compartment Syndrome

In extremity compartment syndrome (ECS), the pressure within a skeletal muscle 
compartment increases to the degree, which impairs the blood supply and tissue 
viability. Arteriolar and capillary pressures are usually 25–30 mmHg, so above this 
level, the blood supply to any compartment would reduce [4, 21].

ECS can occur due to increased pressure within the compartment due to tissue 
edema, hemorrhage, venous obstruction, and post-ischemic swelling or due to 
decreased compartment compliance due to tight dressings or casts, surgical closure, 
burn eschars, and extensive traction of fractures.

Trauma is the most common cause of ECS. It may cause compartment syndrome 
by causing tissue edema, hematoma, bone fracture, or by the treatment measures 
themselves as tight casts and dressings.

As mentioned before, IAH/ACS may result in lower limb ECS by compression 
of arterio-venous supply of the lower limb, or as a result of the capillary leak and 
fluid over-resuscitation.

Extremity compartment pressure can be diagnosed by measurement of ECP 
using a needle inserted in the compartment and connected to a fluid-filled pressure 
transducer. The pressure should be <20  mmHg, or the tissue viability will be 
threatened.

Fasciotomy cannot be delayed in lower limb ECS (>30 mmHg) except if the 
DBP  – compartment pressure is >30  mmHg without complications. This would 
highlight the importance of compartment pressure monitoring concerning the gen-
eral patient condition to guide the best treatment.

Risk factors for ECS that would necessitate invasive pressure measurement:

 1. Males >35 years with tibia and/or radius/ulna fractures
 2. High-energy injuries
 3. Soft tissue injuries in male >35  years with bleeding disorders or on 

anticoagulants
 4. Crush injuries
 5. Prolonged limb compression

Effects of the ECS:

 1. Local effects: it causes ischemia, muscle necrosis, and rhabdomyolysis.
 2. Distant effects and effects on other compartments:

• Rhabdomyolysis may cause acute kidney injury (AKI), capillary leakage, 
acute lung injury (ALI), and shock. This may cause other compartment 
syndromes.

• Ischemia/reperfusion injury: Reperfusion of the ischemic regions may result 
in the production of oxygen-free radicals and washout of waste products into 
circulation. This also may cause ALI, AKI, and capillary leakage with possi-
ble development of ITH and IAH.
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9.7  Diagnosis and Management 
of Polycompartment Syndrome

The diagnosis relies mainly on CP measurement. Within the polycompartment syn-
drome, the abdomen plays a central role, and the effect of IAH on different organ 
systems has been described, along with recommendations to compensate for these 
effects (Fig. 9.6). The ultimate goal of treatment is not only to decrease the CP but 
also to improve organ function and to decrease mortality (Table 9.3).

Fig. 9.6 Interactions between different compartments. Solid lines indicate direct effects by 
mechanical pressure forces. Dotted lines show the distant indirect effects between compart-
ments. Arrow indicates the direction of effect. The abdominal compartment syndrome plays a 
central role

A. Minini et al.
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The management of the polycompartment syndrome (PCS) relies on three prin-
ciples [18]:

 1. Specific procedures to reduce the compartment pressures:
The general principles of these interventions are to improve compliance of the 

compartment syndrome, reduce the compartment contents, optimize the fluid 
therapy by avoiding positive fluid balance and correction of the capillary leak 
(source control) and surgical decompression as rescue therapy.

 2. General Supportive therapy:
Management of critically ill patients with PCS may be challenging due to the 

complexity of the syndrome.
Fluid resuscitation optimization, and especially the type, amount, and timing 

of fluids should be of special attention to optimize organ perfusion, avoiding 
over-resuscitation and the resultant secondary compartment syndromes that 
may arise.

 3. Optimization and prevention of surgical decompression:
Surgical decompression results in sudden release of the compartment 

pressure with the wash of the waste metabolites resulted from prolonged 
ischemia.

Reperfusion or re-oxygenation of the ischemic tissue would result in the pro-
duction of oxygen-free radicals.

The release of these chemicals into the circulation causes immediate and late 
effects. Immediate effects are vasodilatation and hypotension with metabolic 
acidosis and hyperkalemia. Late effects may result in the capillary leak, AKI, 
and ALI.

Anesthesiologists and intensivists must be aware of the acute hemodynamic and 
metabolic consequences of reperfusion injuries (local; ischemia-reperfusion 
injury and systemic; post-reperfusion syndrome) during surgical 
decompression.

Take-Home Messages

• In this chapter, we presented the abdominal polycompartment model and 
presented how each compartment may affect or can be affected by other 
compartments.

• We emphasized the central role of the abdominal compartment in the poly-
compartment model, so cardio-abdominal-renal syndrome (CARS), 
hepato- abdominal- renal syndrome (HARS), and hepato-abdominal pul-
monary syndrome (HAPS) may be more appropriate terms for cardio-
renal, hepato-renal, and hepato- pulmonary syndromes, respectively.

• Every physician dealing with critically ill patients must have a high index 
of suspicion for ACS and PCS. They must be aware of the complex patho-
physiology of PCS to optimize management in those difficult cases.

9 Polycompartment Syndrome



120

References

 1. Scalea TM, Bochicchio GV, Habashi N, McCunn M, Shih D, McQuillan K, et al. Increased 
intra-abdominal, intrathoracic, and intracranial pressure after severe brain injury: multiple 
compartment syndrome. J Trauma. 2007;62(3):647–56; discussion 56.

 2. Kirkpatrick AW, Roberts DJ, De Waele J, Jaeschke R, Malbrain ML, De Keulenaer B, et al. 
Intra-abdominal hypertension and the abdominal compartment syndrome: updated consen-
sus definitions and clinical practice guidelines from the World Society of the Abdominal 
Compartment Syndrome. Intensive Care Med. 2013;39(7):1190–206.

 3. Malbrain ML, Cheatham ML, Kirkpatrick A, Sugrue M, Parr M, De Waele J, et al. Results 
from the international conference of experts on intra-abdominal hypertension and abdominal 
compartment syndrome. I. Definitions. Intensive Care Med. 2006;32(11):1722–32.

 4. Malbrain ML, Roberts DJ, Sugrue M, De Keulenaer BL, Ivatury R, Pelosi P, et  al. The 
polycompartment syndrome: a concise state-of-the-art review. Anaesthesiol Intensive Ther. 
2014;46(5):433–50.

 5. Malbrain ML, Peeters Y, Wise R. The neglected role of abdominal compliance in organ-organ 
interactions. Crit Care. 2016;20:67. https://doi.org/10.1186/s13054-016-1220-x.

 6. Malbrain ML, De Laet I, De Waele JJ, Sugrue M, Schachtrupp A, Duchesne J, Van Ramshorst 
G, De Keulenaer B, Kirkpatrick AW, Ahmadi-Noorbakhsh S, Mulier J, Pelosi P, Ivatury R, 
Pracca F, David M, Roberts DJ.  The role of abdominal compliance, the neglected param-
eter in critically ill patients—a consensus review of 16. Part 2: measurement techniques and 
management recommendations. Anaesthesiol Intensive Ther. 2014;46(5):406–32. https://doi.
org/10.5603/AIT.2014.0063.

 7. Malbrain ML, Roberts DJ, De Laet I, De Waele JJ, Sugrue M, Schachtrupp A, Duchesne 
J, Van Ramshorst G, De Keulenaer B, Kirkpatrick AW, Ahmadi-Noorbakhsh S, Mulier J, 
Ivatury R, Pracca F, Wise R, Pelosi P.  The role of abdominal compliance, the neglected 
parameter in critically ill patients—a consensus review of 16. Part 1: definitions and patho-
physiology. Anaesthesiol Intensive Ther. 2014;46(5):392–405. https://doi.org/10.5603/
AIT.2014.0062.

 8. Regli A, Pelosi P, Malbrain MLNG. Ventilation in patients with intra-abdominal hypertension: 
what every critical care physician needs to know. Ann Intensive Care. 2019;9(1):52. https://
doi.org/10.1186/s13613-019-0522-y.

 9. Malbrain ML, De Waele JJ, De Keulenaer BL. What every ICU clinician needs to know about 
the cardiovascular effects caused by abdominal hypertension. Anaesthesiol Intensive Ther. 
2015;47(4):388–99. https://doi.org/10.5603/AIT.a2015.0028.

 10. Kashtan J, Green JF, Parsons EQ, Holcroft JW. Hemodynamic effect of increased abdominal 
pressure. J Surg Res. 1981;30(3):249–55.

 11. Ridings PC, Bloomfield GL, Blocher CR, Sugerman HJ. Cardiopulmonary effects of raised 
intra-abdominal pressure before and after intravascular volume expansion. J Trauma. 
1995;39(6):1071–5.

 12. Richardson JD, Trinkle JK. Hemodynamic and respiratory alterations with increased intra- 
abdominal pressure. J Surg Res. 1976;20(5):401–4.

 13. Mindikoglu AL, Pappas SC. New developments in hepatorenal syndrome. Clin Gastroenterol 
Hepatol. 2018;16(2):162–77.e1.

 14. Blaser AR, Malbrain ML, Regli A. Abdominal pressure and gastrointestinal function: an insep-
arable couple?. Anaesthesiology Intensive Therapy. 2017;49(2):146–158.

 15. Balogh Z, McKinley BA, Holcomb JB, Miller CC, Cocanour CS, Kozar RA, et al. Both pri-
mary and secondary abdominal compartment syndrome can be predicted early and are harbin-
gers of multiple organ failure. J Trauma. 2003;54(5):848–59; discussion 59–61.

 16. Goldman R, Zilkoski M, Mullins R, Mayberry J, Deveney C, Trunkey D. Delayed celiotomy 
for the treatment of bile leak, compartment syndrome, and other hazards of nonoperative man-
agement of blunt liver injury. Am J Surg. 2003;185(5):492–7.

A. Minini et al.

https://doi.org/10.1186/s13054-016-1220-x
https://doi.org/10.5603/AIT.2014.0063
https://doi.org/10.5603/AIT.2014.0063
https://doi.org/10.5603/AIT.2014.0062
https://doi.org/10.5603/AIT.2014.0062
https://doi.org/10.1186/s13613-019-0522-y
https://doi.org/10.1186/s13613-019-0522-y
https://doi.org/10.5603/AIT.a2015.0028


121

 17. Lawendy AR, Bihari A, Sanders DW, Badhwar A, Cepinskas G.  Compartment syndrome 
causes systemic inflammation in a rat. Bone Joint J. 2016;98-B(8):1132–7.

 18. Balogh ZJ, Butcher NE. Compartment syndromes from head to toe. Crit Care Med. 2010;38(9 
Suppl):S445–51. https://doi.org/10.1097/CCM.0b013e3181ec5d09.

 19. Rizzo AG, Sample GA. Thoracic compartment syndrome secondary to a thoracic procedure: a 
case report. Chest. 2003;124(3):1164–8.

 20. Kaplan LJ, Trooskin SZ, Santora TA.  Thoracic compartment syndrome. J Trauma. 
1996;40(2):291–3.

 21. Wall CJ, Lynch J, Harris IA, Richardson MD, Brand C, Lowe AJ, et al. Clinical practice guide-
lines for the management of acute limb compartment syndrome following trauma. ANZ J Surg. 
2010;80(3):151–6.

9 Polycompartment Syndrome

https://doi.org/10.1097/CCM.0b013e3181ec5d09


123© Springer Nature Switzerland AG 2021
F. Coccolini et al. (eds.), Compartment Syndrome, Hot Topics in Acute Care 
Surgery and Trauma, https://doi.org/10.1007/978-3-030-55378-4_10

Timing of Surgical Intervention 
for Compartment Syndrome

Mario Improta, Matteo Tomasoni, Paola Fugazzola, 
Andrea Lippi, Federico Coccolini, and Luca Ansaloni

Abbreviations

ACS Abdominal compartment syndrome
CS Compartment syndrome
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OCS Orbital compartment syndrome
TBI Traumatic brain injury
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10.1  Introduction

When in a closed district of the body the pressure rapidly rises, some physiological 
changes that occur can be fatal. Three main factors define the ability to tolerate a 
rise in pressure of a body compartment: (1) expandability of the given district (e.g., 
the abdomen better tolerate pressure’s rise than the unexpandable skull), (2) the 
presence of structures in that closed space that are likely to suffer from rise in pres-
sure (e.g., nerves and blood vessels), and (3) the generalized effects that the increas-
ing pressure generate on the global body homeostasis.
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Certain compartments can only briefly tolerate an acute rise in pressure, espe-
cially when this implies a sudden change in the ability to deliver efficient cardiac 
output as in tension pneumothorax or cardiac tamponade. Those scenarios require 
emergent surgical intervention, but the timing of intervention of more complex, still 
urgent compartmental syndromes, is a matter of debate.

10.2  Orbital Compartment Syndrome

OCS is a sight-threatening condition due to the optic nerve and retinal compromise 
secondary to retinal artery occlusion. Trauma, retrobulbar hemorrhage, and massive 
resuscitation after burn injuries are the most common causes [1]. Visual loss can 
occur after only 60 min of increased pressure within the orbit [2]. When suggestive 
clinical signs of OCS abruptly appear (proptosis, ocular pain, loss of sight, lateral 
gaze limitation, evident hematoma formation), decompression of ocular compart-
ment by lateral canthotomy and cantholysis should be performed immediately. No 
further imaging studies should be addressed, oculist should be convoked and imme-
diate treatment should be provided by an experienced physician. Delayed surgical 
intervention is the single factor affecting the rate of visual loss due to OCS [3] with 
a high rate of fully recovered vision in patients who are early decompressed.

10.3  Thoracic Compartment Syndrome

Various compartmental syndrome can occur within the chest wall, and most of them 
are immediately life-threatening.

Tension pneumothorax and cardiac tamponade are not officially recognized as a 
compartmental syndrome; furthermore, both share similar pathophysiology as other 
component syndromes such as abdominal, in term of the rise of pressure within a 
confined space that in healthy individuals bears different forces.

Tension PNX and cardiac tamponade are the cornerstones of the emergent treat-
ment, and some extent of surgical interventions ranging from needle decompres-
sion, surgical drainage, emergency thoracotomy up to clamshell are always needed [4]. 
“Thoracic or mediastinal compartment syndrome” is itself a pathological entity; 
some case series reported in journals of cardio surgery [5] described how after car-
diac surgery sternal closure was seldom associated with unexpectable hemody-
namic instability. Open chest management was proposed to achieve good results in 
this population.

10.4  Extremities Compartment Syndrome

In limbs, longer periods of ischemia correlate with worst outcome, but definitive 
evidence of rapidity under which irreversible muscle damage will occur is lacking [6]. 
In a retrospective cohort analysis, it was noted that 37/76 of patient underwent 
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surgery for ECS had some degree of muscle necrosis, with 37% of patients devel-
oping it after 3 h from injury. Once ECS is diagnosed, the only effective proce-
dure is surgical decompression and still, trauma population experience delays in 
treatment up to 9 h although the time-dependent outcome related to this condi-
tion [7].

The assumption on how long can a muscle tolerate ischemia is derived from 
studies that took their data from tourniquet models. Those models assume muscle 
tissue to tolerate up to 6–8 h ischemia before necrosis occurs, nevertheless must be 
noted that the pathophysiology of the compartment syndrome in the setting of crush 
injury or long bone fractures (as seen in trauma population) may elicit cellular 
response different from one of the tourniquet, resulting in a shorter tolerated 
period [8].

Muscle necrosis can occur even faster than the historical 3 h burden, therefore 
the timing of intervention is based on disease model that underestimates the amount 
of damage that an injury-related ECS can provoke to the muscle belly. Recently, 
British Orthopaedic Association Standard for Trauma (BOAST 10) guidelines on 
ECS was released [9] and stated that decompressive surgery for ECS should occur 
within an hour from the decision to operate. If the absolute compartment pressure is 
greater than 40 mmHg in the presence of clinical symptoms, urgent surgical decom-
pression should be considered unless other life-threatening conditions take priority. 
When a delay in diagnosis of more than 12 h occurs, or there is a late presentation 
in the E.D., ECS should be managed nonoperatively since surgical exploration can 
be harmful in this setting. Several cases of ACS who underwent fasciotomy in UK 
trauma centers had a delayed time to fasciotomy of 2 h, therefore, failing BOAST-10 
goal of 1 h, supporting the idea that early decompression is uneasy to obtain in clini-
cal practice, 34% of those patients suffered from major complications including 
limb loss [10].

The outcome of patients who undergo fasciotomy after vascular repair for lower 
extremity arterial injury (without other injuries) is different than in ECS: of 612 
patients underwent early or delayed (<8 h or >8 h) intervention, there was a lower 
rate of limb amputation in the early group (8.5 vs 24.6% p > 0.001) [11]. Giving 
those results, authors suggested performing fasciotomy at the time of vascular repair 
for patients with arterial damages of limbs.

These findings were recently corroborated by recent series by Rothenberg et al. 
who investigated the relationship between the timing of fasciotomy and patient out-
comes in patients undergoing fasciotomy for acute limb ischemia and revasculariza-
tion [12]. Fasciotomy was classified as prophylactic (at the index operation of 
revascularization) or delayed. Prophylactic fasciotomy should be performed at the 
time of revascularization if there is suspect of longer than 6 h of ischemia or inad-
equate collateral flow or in the setting of trauma with a combined arterial and venous 
injury [13]. Postoperative LOS is predictably higher in patients undergoing prophy-
lactic fasciotomy versus no intervention, but shorter in patients who eventually 
needed fasciotomy for developing CS and underwent delayed fashion intervention; 
moreover those who underwent delayed fasciotomy resulted in more major amputa-
tions at 30 days (50% vs 5.9%, p = 0.002).
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Patients who underwent fasciotomy had a higher Rutherford classification score 
underling that surgeons prefer to perform in a prophylactic fashion in more severe 
cases of ALI. Interestingly, patients with coronary artery disease had a lower rate of 
fasciotomy, probably due to the systemic nature of the disease affecting also the 
peripheric circulation, thus producing more collateral circles, giving the surgeon the 
idea that revascularization could have safely performed without putting the leg at 
risk for reperfusion damage and subsequent compartment syndrome development.

It is reasonable to perform prophylactic fasciotomy in the setting of revascular-
ization, with the anticipated “risk” of the leg of developing ECS being evaluated 
from expert surgeons. On the other hand, fasciotomy is not a benign procedure with 
some surgeons advocating its performance only when CS has developed, but the 
rate of amputation was observed to be higher when such threshold was chosen.

10.5  Abdominal Compartment Syndrome (ACS)

The effect of timely treatment of ACS has been recently investigated in a compari-
son between medical ICU and surgical ICU on nontraumatic population [14]. 
Mortality was 83% in the MICU vs. 12.5% in SICU with the only difference in the 
populations being the admission-to-diagnosis time; the authors concluded that 
prompt diagnosis and early intervention had a significant benefit. When a patient is 
diagnosed with ACS (abdominal pressure >20 mmHg in association with organ dis-
function), decompressive laparotomy should be considered immediately and per-
formed if medical treatment fails to improve symptoms [15].

In the guidelines of the World Society of Abdominal Compartment Syndrome 
(WSACS), Kirkpatric et  al. recommend for decompressive laparotomy (DL) for 
patients with overt ACS (grade 1C); there is the suggestion to consider percutaneous 
drainage of peritoneal fluid when obviously present in order to avoid decompressive 
laparotomy (grade 2d), but they made no statement in regard to the timing of the 
decompression [16].

Observation of several studies investigating mortality in patients with ACS shows 
an interesting trend toward lowering mortality with advancing techniques and short-
ening of the time to diagnosis [17, 18]. Ke et al. in 2013 [19] conducted a study on 
a porcine model to evaluate the best timing for decompressive laparotomy for ACS 
due to severe acute pancreatitis and observed a survival benefit in those who were 
decompressed before 6 h. When applying to clinical practice, it must be remem-
bered that decompressive laparotomy has several serious complications. It seems 
reasonable for pancreatitis causing ACS to use a step-up approach and consider all 
medical strategies to reduce intra-abdominal pressure before performing a decom-
pressive laparotomy and proceed to it without further waiting if no effects are 
achieved with medical treatment.

In the setting of a secondary ACS (developed for a reason which is not primarily 
abdomino-pelvic, e.g., over resuscitation), it is reasonable that the timing of the DL 
should be different since the pathophysiology is different as well. Recently Ramirez 
et al. [20] retrospectively analyzed a group of 46 patients with burn injury and ACS 
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to evaluate survival comparing the timing of DL. Three groups were created divid-
ing patients according to the cause of ACS development: (1) initial injury resuscita-
tion, (2) perioperative resuscitation, (3) sepsis. The group with the highest survival 
rate (up to 80%) was the one of immediate DL (within 1 h) after ACS due to initial 
injury resuscitation, and the difference in survival was not explained by TBSA. The 
authors noted increased survival rate in their population in respect of other series on 
ACS for a burn injury in which DL was used as the last resource, therefore con-
cluded with the suggestion of immediate DL in ACS patients with burn injuries. The 
best outcome was seen in patients developing ACS immediately after resuscitation 
and that patient who developed ACS later in their hospital course had a worse out-
come; this may be because those were sicker patient, but TBSA was similar if not 
lower in patients of the first group. Another explanation could be that best resuscita-
tion with aggressive fluid intake was achieved in some patient, with the collateral 
effect of the development of ACS. In this setting, given that ACS is not due to a 
primary endo-abdominal pathology, it is possible that DL was curative and the ben-
efit of the aggressive resuscitation overwhelmed the harm of ACS development. 
Further studies are needed to assess the relationship between resuscitation, ACS 
development, and survival.

10.6  Intracranial Pressure and Compartment Syndrome 
of the Brain

The skull is the compartment that less tolerate a rise in pressure. Since it is not- 
expansible, a rise in brain tissue (e.g., traumatic brain injury (TBI) edema) or unex-
pected presence of blood can rapidly deteriorate cellular permeability leading to 
edema and increased intracranial pressure (ICP) and to a compartment syndrome 
that, left untreated, points to brain herniation and death. 2016 Brain trauma founda-
tion’s guidelines declared that there should be a stair-chase approach to intracranial 
hypertension, with more aggressive therapies (up to surgery) if ICP is >22 mmHg in 
a comatose patient. No statement was done about the timing of the craniectomy in 
those cases where the elevated ICP did not respond to medical management [21].

Whether decompressive craniectomy is even indicated for TBI and elevated ICP is 
a matter of debate. It appears that DC does not result in better outcomes, but the short 
interval between TBI and surgery may have a positive impact on outcome [22], espe-
cially in younger patients undergoing intervention at 3–4 h after injury [23, 24].

Acute stroke can result in a dysregulation of ATP-dependent ionic-transporter, 
provoking brain edema, and is one of the most common indications for a decom-
pressive craniectomy. The main difference between TBI and stroke, regarding indi-
cation for DC, is the timing. In TBI population, there could be a benefit in terms of 
survival from DC even if signs of brain herniation are present, whether in acute 
stroke after herniation has occurred, any treatment aimed to reduce ICP was found 
to be useless.

Three RCTs evaluated DC after a large ischemic stroke of the MCA (middle 
cerebral artery): all the trial showed a survival advantage in managing large MCA 
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strokes with surgical decompression if craniectomy was performed before 48  h; 
those findings were also corroborated from a recent meta-analysis [25–28].

It is unclear if early decompression is beneficial itself or carries the survival 
improvement due to prevention of herniation; it seems that rate of herniation tends 
to be lower if decompression is performed within 24 h in patients with MCA infarc-
tion [29].

After an ischemic or hemorrhagic stroke, better outcomes were observed seen 
when DC was performed within 6 h despite herniation incidence seems similar: the 
benefit could rely on pathophysiology of the compartment syndrome itself more 
than just the prevention of herniation [30].

Clinical deterioration (e.g., worsening of Glasgow coma scale—GCS) is a factor 
that usually precipitates the decision to surgically decompress elevated ICP. A trial 
was conducted to assess if early decompression would have been beneficial over 
decompression based on the deterioration of GCS [31]. The group that was operated 
within 6 h despite GCS or radiological signs of deterioration showed better out-
comes measured as mRS (modified Rankin scale). Data suggest that in acute stroke, 
most of the benefit from decompression is lost when brain herniation has already 
developed, thus aim to earlier decompression in selected patients should be encour-
aged especially in patients with large infarction (>200cm2) or midline shift.

Many RTCs tried to extrapolate evidence for the use of DC in trauma settings. 
DECRA Trial [32] analyzed outcomes in TBI patients within 72  h from injury. 
Patients were randomized either to maximal medical management or DC after sus-
tained (15 min within a 60 min period) elevated ICP (>20 mmHg) with a median 
time of DC from injury of 38 h. The DC group decreased ICP but had more unfavor-
able outcomes. Unfortunately the groups were irregular since patients who under-
went DC were more likely to have signs of herniation at the time of intervention 
(27% vs 12% p: 0.04) therefore minimizing the potential beneficial effect of DC 
over medical management, besides the harm observed with DC was no longer evi-
dent when statistical analysis was conducted without taking into account patients 
with anisocoria or signs of herniation, as last criticism for the trial, the median time 
of intervention from injury was 38 h, leading to a loss of the potential benefit of an 
early decompression. To fulfill those questions, the RESCUEicp [33] trial was con-
ducted. It compared patients with refractory elevated ICP (>25 mmHg for 1 h) man-
aged by DC or medical therapy. The trial ultimately strengthened DECRA results 
without finding any substantial benefit in DC. Both trials were intended to evaluate 
DC and did not have analysis regarding the timing of the intervention that was at 
least 24 h after the injury. Effort was made to investigate the effect of early vs late 
decompression, but most studies were retrospective in nature showing a trend to 
higher survival in medical management group, although it is reasonable that given 
the retrospective nature, patients who were treated with DC were more severe and 
not amenable of management with medical therapy, therefore, a sicker subset of 
patients was identified. Only a retrospective series of 486 patients in a combat series 
noted an improvement in survival when performing DC within 5.30 h from TBI [34].

To date, a definitive conclusion on the appropriate timing of DC is lacking in 
stroke and TBI setting as well, although some preliminary evidence suggests that 

M. Improta et al.



129

early decompression (within 24 h and in some series 6 h) may be beneficial in long- 
term outcome. In stroke, it appears that the ischemic insult prevents the brain to 
beneficiate from decompression after herniation has occurred, conversely, in some 
series of TBI some benefit can be observed from DC even after herniation has 
already occurred [35].

10.7  Timing of Intervention

We propose, based on current evidence, five categories of timely intervention: (1) 
immediate, for those compartmental syndromes which can rapidly lead to patient 
death or severe disability (e.g. life or sight-threatening conditions); (2) ultra-early, 
within 1 h period in ECS and ACS in the setting of burns and resuscitative ACS; (3) 
early with the time burden of 6–8 h and in any case before clinical signs of irrevers-
ible deterioration; (4) late decompression identified with decompression performed 
after 6–8 h or after signs of clinical deterioration has occurred (e.g., signs of cere-
bral herniation); (5) prophylactic decompression in those situations where high inci-
dence of postoperative CS is expected (e.g., revascularization after acute limb 
ischemia, combined arterial/venous injury).

Body district Notes References
Immediate Ocular, 

sight-threatening
Lateral canthotomy and cantholysis [1]

Thorax, tension PNX, 
cardiac tamponade

A common cause of traumatic cardiac 
arrest

[4]

Ultra-early 
(within 1 h)

Abdomen (ACS) Consider decompressive laparotomy within 
1 h for ACS developed after burn injury 
secondary to aggressive resuscitation

[20]

Extremities (ECS) Decompression within 1 h of the decision 
to operate

[9]

Early 
(within 6–8 h)

Abdomen (ACS) Decompression after ACSa development 
within 3–6 h from Dx if maximal medical 
management failed

[16, 17, 19]

Brain (refractory 
elevated ICP)

Better outcomes in subgroups of younger 
patients, decompress before clinical signs 
of herniation

[23, 24, 
29–31, 34]

Late 
(after 6–8 h)

Extremities (ECS) Discouraged for ECS occurred >12 h, 
better outcomes with NOM

[9]

Brain (refractory 
elevated ICP)

No advantage in DC after signs of 
herniation in stroke patients, some 
advantage in TBI patients even if 
herniated over nonsurgical managementb

[24–28, 32]

Prophylactic Thorax (after cardiac 
surgery)

Inability to tolerate closure of the sternum 
managed with “open chest” technique

[5]

Extremities with 
vascular injuries or 
acute limb ischemia

Liberal use of prophylactic early 
fasciotomy (at index operation) leads to 
better outcomes

[11, 12]

aAbdominal pressure >20 plus signs of end-organ damage
bAll benefits were lost in decompressive craniotomy performed after 48 h (Hamlet trial); no benefit 
was seen in trials while the median time of decompression was 38 h
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10.8  Conclusions

Different compartment reacts with a variable degree of cellular injury and physio-
logical deterioration to raised pressure, therefore, not all compartment syndrome 
would benefit in timely treatment at the same degree. Early decompression could be 
beneficial in some conditions, but physicians must be aware of the implied harm of 
decompression and relative procedural hazards, aiming to maximize the medical 
effort to diminish the rate of intervention when feasible, without delaying surgical 
intervention long till there is no longer opportunity for bettering outcomes.
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and Infection

Massimo Sartelli

11.1  Abdominal Compartment Syndrome in Patients 
with Intra-Abdominal Infections

A compartment syndrome is a condition of increased pressure in a confined ana-
tomic space that adversely affects the circulation and threatens the function and 
viability of the tissues therein. This may arise in any closed compartment within 
the body.

Abdominal compartment syndrome (ACS) is a common consequence of severe 
intra-abdominal infections. Primary acute abdominal compartment syndrome 
occurs when an intra-abdominal injury or disease in the abdominopelvic region is 
directly responsible for the compartment syndrome. Secondary abdominal compart-
ment syndrome occurs when sepsis and related-fluid resuscitation cause fluid accu-
mulation in the abdomen in a scenario lacking primary intraperitoneal injury.

Abdominal sepsis is the host’s systemic inflammatory response to bacterial or 
yeast peritonitis [1].

Sepsis from an abdominal origin is initiated by the outer membrane component 
of gram-negative organisms (e.g., lipopolysaccharide [LPS], lipid A, endotoxin) or 
gram-positive organisms (e.g., lipoteichoic acid, peptidoglycan), as well as toxins 
from anaerobic bacteria [1]. This leads to the release of proinflammatory cytokines 
such as tumor necrosis factor α (TNF-α) and interleukins 1 and 6 (IL-1, IL-6). 
TNF-α and interleukins lead to the production of toxic mediators [1], which may 
cause a complex, multifactorial syndrome that may evolve into conditions of vary-
ing severity and may lead to the functional impairment of one or more vital organs 
or systems.

Fluid therapy to improve microvascular blood flow is an essential part of the 
treatment of patients with sepsis. Crystalloid solutions should be the first choice 
because they are well tolerated and cheap. They should be infused rapidly to induce 
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a quick response but not so fast that an artificial stress response develops. They 
should be interrupted when no improvement of tissue perfusion occurs in response 
to volume loading [1].

However, in patient with abdominal sepsis, excessive infusion of fluids may 
become a counterproductive strategy [1].

The systemic inflammatory response syndrome, increased vascular permeability, 
and aggressive crystalloid resuscitation predispose to fluid sequestration with for-
mation of peritoneal fluid. Patients with ongoing sepsis commonly develop shock 
bowel resulting in excessive bowel edema. These changes and associated forced 
closure of the abdominal wall may result in increased intra-abdominal pressure 
(IAP) ultimately leading to intra-abdominal hypertension (IAH).

Elevated IAP commonly causes marked deficits in both regional and global per-
fusion that may result in significant organ failure [2]. An uncontrolled IAH, with an 
IAP exceeding 20 mmHg and a new organ failure onset, leads to abdominal com-
partment syndrome (ACS). This in turn has further effects on intra-abdominal 
organs as well as indirect effects on remote organ(s) and system(s). ACS is a poten-
tially lethal complication characterized by effects on splanchnic, cardiovascular, 
pulmonary, renal, and central nervous systems. Ventricular filling is reduced as a 
result of decreased venous return caused by the compression of the inferior vena 
cava or portal vein. Preload measurements such as central venous pressure (CVP) 
and pulmonary artery occlusion pressure (PAOP) may be falsely elevated. Critical 
clinical conditions play an important role in aggravating the effects of elevated IAP 
and may reduce the threshold of IAH that causes the clinical manifestations of 
ACS. In addition, IAH and ACS likely influence the clinical course of many criti-
cally ill patients with sepsis. This is a result of both primary intraperitoneal disease 
and the massive fluid resuscitation that is often required to stabilize hemodynamics 
in patients with ongoing sepsis or septic shock. The combination of IAH and the 
physiological effects of sepsis and septic shock may result in high morbidity and 
mortality rates. Especially in the case of severe peritonitis, the physiological effect 
of ACS to gastrointestinal tract may aggravate the abdominal sepsis. Specifically, 
the mucosal–barrier function is altered causing increased permeability and bacterial 
translocation.

11.2  Prevention of the Abdominal Compartment Syndrome 
in Patients with Abdominal Sepsis

Repeated intravesical measurements of intra-abdominal pressure should be fre-
quently performed to identify patients at risk for intra-abdominal hypertension.

Although decompressive laparotomy historically constituted the standard method 
to treat severe IAH/ACS and to protect against their development in high-risk situ-
ations, it has been reported to result in an immediate decrease in IAP and improve-
ments in organ function. However, decompressive laparotomy is associated with 
multiple complications and overall reported patient mortality is considerable (up to 
50%), even after decompression [2].
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In addition to decompressive laparotomy for ACS, numerous medical and mini-
mally invasive therapies have been proposed or studied that may be beneficial for 
patients with IAH or ACS. Approaches or techniques of potential utility include ade-
quate fluid resuscitation strategies, sedation and analgesia, neuromuscular blockade, 
body positioning, nasogastric/colonic decompression, promotility agents, diuretics, 
and continuous renal replacement therapies, percutaneous catheter drainage [3].

Presumptive decompression should be considered at the time of laparotomy in 
patients who demonstrate risk factors for IAH/ACS. The decision to perform a lapa-
rostomy in patients with severe intra-abdominal infections is usually based on the 
intraoperative judgment of the surgeon without IAP measurements during the opera-
tion. In these patients, the open abdomen (OA) procedure may be a useful option [3].

OA procedure may allow early identification and draining of any residual infec-
tion, control any persistent source of infection, and remove more effectively infected 
or cytokine-loaded peritoneal fluid, deferring definitive intervention until the patient 
is appropriately resuscitated and hemodynamically stable and thus better able to 
heal [2].

The OA concept is closely linked to damage control surgery and may be easily 
adapted to patients with ongoing sepsis. Patients may progress to septic shock hav-
ing progressive organ dysfunction, hypotension, myocardial depression, and then 
coagulopathy. These patients are hemodynamically unstable and clearly not optimal 
for candidates for immediate complex operative interventions. After initial surgery, 
the patient is rapidly taken to the ICU for physiologic optimization. Early treatment 
with aggressive hemodynamic support can limit the damage of sepsis-induced tis-
sue hypoxia and may limit the overstimulation of endothelial activity. Following the 
early hemodynamic support, in principle after 24–48 h, reoperation may be per-
formed with or without final abdominal closure [4].

Following reexploration, the goal is early and definitive closure of the abdomen, 
in order to reduce the complications associated with an open abdomen, such as 
entero-atmospheric fistulas, fascial retraction with loss of abdominal wall domain, 
and development of massive incisional hernias. Early definitive closure is the basis 
for preventing or reducing the risk of these complications and should be the goal 
when the patient’s physiological condition allows. The literature suggests a bimodal 
distribution of primary closure rates. Early closure depends on postoperative inten-
sive care management, and delayed closure depends on the choice of the temporary 
abdominal closure technique. The first mode is to close within 4–7 days and achieve 
a high rate of primary closure, the second mode has a delay (20–40 days) having 
lower overall closure rate. Temporary closure of the abdomen may be achieved by 
using gauze and large, impermeable, self-adhesive membrane dressings, both 
absorbable and nonabsorbable meshes, and negative pressure therapy devices. The 
first and easiest method to perform a laparostomy was the application of a plastic 
silo (the “Bogota bag”). This system is inexpensive. However, it does not provide 
sufficient traction to the wound edges and allows the fascial edges to retract later-
ally, resulting in difficult fascial closure under significant tension, especially if the 
closure is delayed. At present, negative pressure techniques (NPT) have become the 
most extensively employed means of temporary closure of the abdominal wall [2].
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OA strategy presents a clinical challenge that is associated with significant mor-
bidity and should be used in the right patients at the right time. Even with the lack 
of strong evidence in international literature, OA may be an important option in the 
surgeon’s strategy for the treatment of selected physiologically deranged patients 
with abdominal sepsis. Well-designed prospective and randomized studies are 
required to adequately define the role of OA and negative pressure in managing 
patients with abdominal sepsis.

11.3  Conclusions

Surgeons should be aware of physiopathology of sepsis and always keep in mind the 
pathophysiology of ACS. A correct prevention and management of ACS, when it 
occurs, is crucial to avoid severe complications.

In addition to decompressive laparotomy for ACS, numerous medical and mini-
mally invasive therapies have been proposed or studied that may be beneficial for 
patients with IAH or ACS.

Despite lack of strong evidence in international literature, open abdomen may be 
an important option in the surgeon’s armamentarium for the prevention of abdomi-
nal compartment syndrome. Well-designed prospective studies are required to bet-
ter define the role of open abdomen in managing patients with abdominal sepsis.
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12.1  Illustrative Case

A 28-year-old female presented to the emergency department with severe pancre-
atitis. Her vital signs on arrival were heart rate 120 beats/min, respiratory rate 30 
breaths/min, blood pressure of 80/50 mmHg, and a temperature of 38.1°C. Her 
abdomen was diffusely tender. Her blood work demonstrated a serum lipase 
>1000 U/L (0–80 U/L), hemoglobin of 144 g/L (137–180 g/L), and a white blood 
cell count of 11 × 109/L (4.0–11.0 × 109/L). In the emergency department, she 
received 6 L of normal saline over the first 3 h of her stay, with an increase in her 
blood pressure. A nasogastric tube provided gastric decompression and she was 
kept NPO. On the surgical floor, she received a total of an additional 12 L of intra-
venous normal saline over the next 24 h. Her vital signs slowly worsened. Her 
heart rate increased to 140 beats/min, her blood pressure dropped to 80/50 mmHg, 
her respiratory rate increased to 40 breaths/min. She required 60% inspired oxy-
gen to maintain an oxygen saturation of 92%. She was afebrile. Her urine output 
decreased to <0.3 mL/Kg/h over consecutive hours. Her serum creatinine increased 
to 150  mmol/L (45–110  mmol/L). Her serum lactate increased to 5.0  mmol/L 
(0–2.0 mmol/L). She was admitted to the intensive care unit. She was intubated 
and started on invasive mechanical ventilation. A central line was placed and she 
was started on intravenous norepinephrine between 0.2 and 0.3 mcg/kg/min. A 
chest radiogram showed small lung volumes and bibasilar collapse. A CT scan of 
the abdomen showed progressive inflammatory change in her pancreas, free intra- 
abdominal fluid, but no other ominous intra-abdominal findings. Intra-abdominal 
pressures were recorded at 20 mmHg. Over the next 12 h, she became anuric, her 
norepinephrine requirements increased to 0.4–0.6 mcg/kg/min and her inspiratory 
ventilating pressures increased to maintain tidal volume of 6 mL/kg ideal body 
weight. A transthoracic echocardiogram demonstrated right ventricular enlarge-
ment, flattening of the ventricular septum, and a diminished left ventricular vol-
ume but with preserved systolic function, and a reduced IVC diameter. Her 
intra- abdominal pressure was recorded at 30 mmHg. She was maintained on intra-
venous neuromuscular relaxing agents (paralytics) and kept in a supine position. 
She was started on continuous venovenous hemodiafiltration with a neutral fluid 
balance after a negative fluid balance resulted in further increase in her norepi-
nephrine dose. A percutaneous abdominal drain was placed and 500  mL was 
drained over the first hour without change in the abdominal pressure. A laparot-
omy was performed. During surgical incision, subcutaneous fluid “wept” from the 
surgical incision. Careful intra-abdominal exploration demonstrated no perfora-
tion or segment of ischemic bowel. A temporary vacuum-assisted abdominal clo-
sure was applied (ABTHERA™). Over the next few hours, with intra-abdominal 
pressures of 10 mmHg or less, her intravenous norepinephrine was decreased to 
0.10–0.15 mcg/kg/min, her urine output increased to 1–1.5 mL/kg/min, and her 
inspiratory ventilating pressures decreased. Over 12 h, her serum lactate normal-
ized. Her abdominal dressing was changed every 48 h with final closure on the 
fifth operation (8 days following laparotomy) after she had been off vasopressors 
for more than 24 h. She was discharged from the intensive care unit 14 days after 
admission and discharged home after 30 days in hospital.
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12.2  Hemodynamic Effects of Abdominal 
Compartment Syndrome

12.2.1  Introduction and Definition

Multiple organ dysfunction syndrome has been described as the common final pathway 
to death in critically ill patients [1]. It was first described in the 1970s and the abdomen 
as the “motor of MOF” due to a combination of mucosal ischemia [2, 3], disruption of 
the intrinsic (mucosal) epithelial barrier [4–6], translocation of intraluminal bacteria or 
their byproducts [7], and activation of gastrointestinal associated lymphoid tissue with 
cytokine or other inflammatory mediator production and release [8, 9]. Despite exten-
sive research on biological mechanisms, confirmation of the gut as the perpetrator—or 
conversely an alternative singular pathophysiologic process—has not been proven. 
Rather, it is likely that MODS is a final common pathway with multiple mechanisms 
which may precipitate its development. One such mechanism is elevated intra-abdom-
inal pressure and the myriad consequences locally and systemically that result in mul-
tiple organ dysfunction [10]. Originally described more than 100 years ago, interest in 
the role of elevated intra-abdominal pressure and its systemic consequences was 
renewed in the 1970s and 1980s—in part due to observations associated with laparo-
scopic surgery and elevated intra- abdominal pressures associated with insufflation of 
the peritoneum [11]. It is now recognized as a potentially occult cause of increased 
morbidity and mortality in patients with primary intra-abdominal diseases or injuries or 
as a secondary complication of pathophysiologic abnormalities or their management in 
other diseases such as burns and severe sepsis [12–14].

In 2007 [15], and updated in 2013 [16], a standardized set of recommendations on 
the measurement of abdominal pressure and definitions of normal and abnormal pres-
sures were published by the World Society of the Abdominal Compartment Syndrome. 
Intra-abdominal pressure in the critically ill can be measured by the use of an indwell-
ing foley catheter with three-way stopcock [17–20]. Measurements should be per-
formed in a supine patient with relaxed abdominal musculature. The transducer should 
be leveled to the mid-axilla. Twenty-five milliliters of fluid should be instilled into the 
bladder and measurements are taken at end expiration. The normal intra-abdominal 
pressure (IAP) is defined as 5–7 mmHg. The degree of elevated pressure or intra-
abdominal hypertension (IAH) can be categorized: Grade 1—12–15 mmHg, Grade 
2—16–20 mmHg, Grade 3—20–25 mmHg, and Grade 4—greater than 25 mmHg. 
Abdominal compartment syndrome (ACS) is defined as Grade 3 or IAH with con-
comitant new-onset organ dysfunction. Further, abdominal compartment syndrome 
(and hypertension) can be further classified into primary or secondary based on if 
there is a disease or injury that occurs in the abdominal–pelvic region [21].

12.2.2  Pathophysiology of Cardiovascular Consequences of IAH

The major cause of IAH and ACS is iatrogenic from overly exuberant fluid resus-
citation with crystalloid solutions, particularly in the absence of careful monitoring 
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of intra-abdominal pressures [22]. The abdominal compartment is a complex 
closed container closely integrated with intrathoracic pressure mediated through 
diaphragmatic position and by the compliance of the abdominal wall based on its 
elasticity and ability to distend [13, 23]. The remainder of the container is rela-
tively static and noncompliant comprising the pelvic girdle and floor, and the ver-
tebral column and paravertebral musculature and other structures. In critically ill 
patients, third spacing, or leakage of intravascular fluid into interstitial or nonvas-
cular compartments, is common. Fluid may leak into subcutaneous tissues of the 
abdominal wall, into tissues of the abdominal organs such as the intestine or mes-
entery, into the peritoneal cavity, and into other cavities such as the pleural space. 
The result of this excess fluid is that the volume of structures within the abdominal 
cavity may increase, the walls of the container may become less elastic and com-
pliant, and cephalad diaphragmatic excursion may occur: the sum total is as intra-
abdominal volume increases, the overall system becomes less compliant, and 
intra-abdominal pressure increases, with an upward infection curve in pressure that 
may occur at a lower relative volume [24]. The relationship of the abdominal cav-
ity, abdominal wall, and thoracic cavity may be further affected in patients with 
underlying chronic disease such as chronic obstructive pulmonary disease, dis-
eases of the integument such as progressive systemic sclerosis, or due to the effect 
of acute injuries such as eschar and tissue edema associated with truncal burns 
(Table 12.1) [25]. What is not known is the appearance of volume pressure curves 
for the abdominal cavity and how these curves may be associated with intravenous 
fluid resuscitation.

The major hemodynamic consequence of IAH and ACS is a reduction in cardiac 
output, with the risk of subsequent ischemia to other organs. The level of elevated 
IAP which may affect cardiovascular performance is patient specific and may occur 
at relatively low levels of elevated IAP (e.g., 10 mmHg), or mean arterial blood 
pressure and cardiac output may be maintained despite significantly elevated IAPs 
[26, 27]. The mechanism of reducing cardiac output is multifactorial. The first and 
major cardiovascular consequence of IAH is cephalad displacement of the dia-
phragm, with elevation in intrathoracic pressure and subsequent reduction in venous 
return to the right heart [28]. These changes culminate in a direct effect on stroke 
volume and cardiac output [29]. Obviously, in individuals with reduced circulating 
volume, mild increases in IAP may have more significant reduction in venous return 
and cardiac output than in patients with normal or increased circulating volumes 
[30, 31]. Changes in diaphragmatic anatomy may also result in changes to the dia-
phragmatic foramen through which the IVC transits resulting in a partial physical 
obstruction further attenuating venous flow [32]. Elevation in intrathoracic pressure 
from diaphragmatic displacement will also cause pulmonary parenchymal and pul-
monary vascular compression and an increase in pulmonary vascular resistance 
[33]. This may compromise left ventricular performance due to ventricular interde-
pendence. Right ventricular dysfunction and dilatation results in septal shift, with a 
commensurate decrease in left ventricular end-diastolic volume and cardiac output. 
There may also be a direct effect of increased intrathoracic pressure decreasing 
cardiac compliance, attenuating ventricular expansion and end-diastolic volume, 
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and thereby causing a decrease in cardiac output, mimicking a tamponade-like 
effect. Finally, the effects of IAH on systemic vascular resistance are more compli-
cated. Vasoconstriction may occur as the normal physiologic response to the under-
lying illness, in an attempt to maintain blood pressure in the face of a falling cardiac 
output, and related to intravenous vasoactive pharmacologic infusions. However, 
tissue edema as a consequence of third spacing of intravenous crystalloids may also 
increase peripheral vascular bed compression, and adversely increase systemic vas-
cular resistance and local tissue perfusion.

Patients without preexisting cardiac dysfunction may have the physiologic 
reserve to respond to this myriad of insults. Whereas, patients with a diminished 

Table 12.1 Factors contributing to elevated intra-abdominal pressuresa

Abdominal wall and decreased compliance
• Tissue edema
• Pain and muscular contraction
• Prone positioning
• Burn eschar
• Abdominal dressings
• Obesityb

Intra-abdominal volume
• Luminal distension
  – Gastroparesis
  – Ileus
  – Pseudo-obstruction
  – Volvulus
  – Intraluminal third spacing
• Intra-abdominal fluid
  – Ascites
  – Hemoperitoneum
  – Abscesses
  – Peritoneal dialysate
• Space occupying content
  – Acute pancreatitis
  – Intestinal wall and mesenteric edema
  – Gravid uterus
  – Tumor
  – Excess air insufflation—laparoscopy
Impaired diaphragmatic excursion
• Intrapleural fluid/tissue
• Increased total lung volume from chronic obstructive pulmonary disease
• Higher positive end-expiratory pressure or lung volume during invasive mechanical ventilation
• Sitting position
Systemic factors
• Capillary fluid leak
  – Massive fluid resuscitation
  – Major trauma/burns/sepsis
  – Acidosis/shock
• Age
• Systemic illnesses, e.g., progressive systemic sclerosis

aAdapted from Malbrain [21], Kirkpatrick [16]
bObesity is associated with a slightly higher baseline intra-abdominal pressure [23]
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cardiac reserve from preexisting cardiac disease, or those patients with impaired 
circulating volume, may manifest more significant hemodynamic consequences. 
The hemodynamic consequence may not just be due to direct effects on the cardio-
vascular system [34]. Patients with ACS also demonstrate significant changes in 
blood flow to other organs and these ischemic changes may affect the propagation, 
circulation, or clearance of inflammatory humoral mediators [35]. For example, the 
gut may show attenuation of mesenteric arterial blood flow [36, 37]. As well, mes-
enteric venous pressure may be increased. Together, these blood flow changes may 
result in gut edema, mesenteric ischemia, and changes to gut integrity with damage 
to the intrinsic epithelial barrier, and subsequent translocation of bacteria or other 
intraluminal contents [38–40]. Hepatic blood flow may also be affected with sub-
sequent effects on hepatic microcirculation and ischemic injury to the liver [41]. 
The regulatory function of the liver in processing materials absorbed or entering 
through the mesentery and damage to other biochemical processes such as lactic 
acid clearance may be affected [42]. Finally, IAH is associated with changes in 
renal blood flow, with a diminished renal arterial flow, raised renal venous pres-
sures, shunting of blood away from the cortex, and a reduction in glomerular filtra-
tion [43]. Changes in hepatic and renal function may be associated with changes in 
circulating mediators which may further perpetuate changes in systemic 
hemodynamics.

12.2.3  Hemodynamic Assessment and Clinical Management

Hemodynamic management of abdominal compartment syndrome may be difficult. 
Furthermore, the risk of organ ischemia should be considered not only based on the 
absolute IAP but also in the context of the abdominal perfusion pressure 
(APP = MAP − IAP). High IAPs in the context of low MAPs (resulting in a low 
APP) are much more likely to lead to significant organ ischemia. A priority in the 
context of high IAP should be to raise the MAP in order to preserve the APP. Often 
time, simple intravascular pressure monitoring by either central venous pressure or 
pulmonary artery catheter may produce inaccurate results and be misleading. Prior 
work has demonstrated a very poor correlation between pulmonary arterial occlud-
ing pressure (PAOP)—or wedge pressure: an assessment of left ventricular end- 
diastolic pressure—or central venous pressure (CVP), and left ventricular cardiac 
output [44, 45]. Therefore, alternate methods of hemodynamic assessment should 
be considered. One of the most informative may be echocardiography [46]. 
Transthoracic echocardiography can be used for the assessment of vena cava size, 
left and right ventricular size and function, septal dyssynchrony and exaggerated 
interdependence, and noninvasive estimates of cardiac output. IVC diameter can be 
assessed with a subcostal view. Respiratory variation is present with significant 
reductions in venous return. Likewise, collapse of the abdominal IVC occurs when 
IAP exceeds right atrial pressure. Transthoracic echocardiography is routinely used 
for the assessment of ventricular chamber size and overall contractility. Transthoracic 
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echocardiography is an effective and noninvasive diagnostic test that can be used 
serially to assess fluid responsiveness, right and left ventricular preload, as well as 
cardiac output and ongoing response to therapy.

Adequate intravascular volume is a cornerstone of the appropriate management 
of any critically ill patient. Unfortunately, there is no data to specifically guide what 
volume of crystalloid resuscitation is associated with a risk of IAP. Mildly elevated 
IAP may have more adverse consequences in an inadequately volume resuscitated 
patient. Whereas in the past, there was concern about inadequate volume resuscita-
tion in many hypotensive patients, there is likewise now a similar concern about 
excessive volume resuscitation. In some patient populations, there is good clinical 
evidence that there are significant adverse consequences including an increased risk 
of death with excess fluid resuscitation particularly by crystalloids [44]. Raised IAP 
may be one consequence of excessive fluid resuscitation associated with mortality. 
Fluid resuscitation and hemodynamic support with vasopressors should be guided 
by careful clinical, hemodynamic, biochemical, and diagnostic/monitoring modali-
ties. One of the most important measures should be ongoing monitoring of intra- 
abdominal pressures particularly in patients undergoing aggressive volume 
resuscitation, or in patients who require ongoing large volumes of crystalloids, or 
who have evidence of worsening organ function. The cornerstones of the appropri-
ate hemodynamic assessment of elevated IAP are the cornerstones of overall man-
agement of elevated IAP [16]. First, there must be clinical awareness of the 
possibility of elevated IAP. Second, at minimum patients at higher risk of develop-
ing IAH should have routine measurement of IAP. Third, measures should be con-
sidered to minimize the risk of developing IAH by judicious but cautious volume 
resuscitation, particularly by indiscriminate use of crystalloid solutions or volume 
resuscitation not guided by hemodynamic monitoring and clear end points. Fourth, 
use of “volumetric” assessment of hemodynamics should be considered to guide 
decision-making on resuscitation and ongoing hemodynamic management. Finally, 
hemodynamic management should be considered in the wider context of overall 
IAH management including enteral decompression, intraperitoneal drainage, venti-
lator management, circulating fluid removal by diuresis or renal replacement ther-
apy, and ultimately decisions to proceed with surgical decompression and temporary 
abdominal closure.

12.3  Conclusion

The hemodynamic consequences of IAH and ACS are significant. The cardiovascu-
lar consequences are multifactorial including direct effects on cardiac performance 
and indirect effects from regional organ or tissue ischemia. It is important to recog-
nize the patient at risk of IAH and to monitor intra-abdominal pressure. Clinical 
management should be cognizant of intravascular volume and potential effects of 
IAP on venous return, and the necessity for clinical management to be guided by 
careful hemodynamic assessment.
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13.1  Introduction

A compartment syndrome is defined as an increase in the compartmental pressure 
to such an extent that the viability of the tissues and organs within the compartment 
is threatened [1]. In particular, the term “polycompartment syndrome” is used when 
more than one compartment is affected (the head, the chest, the abdomen, and the 
extremities). The deleterious effects on organ function are directly related to the 
severity of the syndrome and the number of compartments involved. The abdomen 
plays a central role in the polycompartment syndrome and the effect of intra- 
abdominal hypertension (IAH) on different organ systems, not only within the 
abdomen, is well recognized [2]. Increased IAP induces organ dysfunction through 
two major pathways. Firstly, the pressure effect of increased IAP is transmitted 
directly to another body compartment and secondly, increased IAP influences sys-
temic hemodynamic, decreasing perfusion pressure and increasing venous resis-
tance [3].

The liver seems to be particularly susceptible to injury in the presence of elevated 
abdominal pressures, especially in case of IAH or ACS [4]. Abdominal compart-
ment syndrome (ACS) can lead to liver injury either with a direct or indirect mecha-
nism. In fact, both the increase in the intra-abodominal pressure (IAP) and the 
reduction of perfusion and oxygen delivery caused by the complex interplay of 
raised pressure between different compartments can be responsible for liver damage [5]. 
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Furthermore, acute liver failure, decompensated chronic liver disease, and liver 
transplantation are frequently complicated by IAH and ACS [1, 6].

Deterioration of hepatic cell function and liver perfusion have been revealed by 
different animal and human studies even with reduced level of IAP (around 
10  mmHg). Different studies described the adverse effects of increase intra- 
abdominal pressure on the hepatic blood flow and the subsequent dysfunction (or 
failure) related to the ischemia/reperfusion injury. Caldwell and Ricotta showed 
considerable changes in visceral blood flow correlated with intra-abdominal pres-
sure [7]. In an animal experimental model, a significant decrease in liver blood flow 
has been evidenced using radiolabeled microspheres. The reduction of flow was 
more pronounced as the IAP rise, moving from 0.42 ± 0.09 cc/g/min at the baseline 
to 0.25 ± 0.01 cc/g/min with an IAP of 20 mmHg and ending to 0.15 ± 0.06 at an 
IAP of 40 mmHg. Moreover, the decrement in hepatic blood flow was more marked 
than the changes in the reduction of cardiac output suggesting that, in addition to 
decreased cardiac output and systemic perfusion, local control mechanisms may be 
further responsible for changes in blood flow. Diebel et al. observed, in a pig model, 
a progressive decrease in portal venous, hepatic arterial and hepatic microcircula-
tory blood flow when intra-abdominal pressure was increased, although MAP was 
kept constant [8]. Furthermore, the reduction in hepatic blood flow was also present 
for not significant reduction in cardiac output and even though pulmonary artery 
wedge pressure (PAWP) remained relatively constant. Of concern, the reduction in 
blood flow reached significant value compared to control at IAP of 10  mmHg, 
showing an earlier and more severe decrease in hepatic arterial blood flow com-
pared to portal and microcirculatory level, suggesting a humoral basis for the hepatic 
perfusion changes observed [8]. When IAP is high, portal vein pressure rose steadily, 
reaching the same value of IAP (Table 13.1).

Hepatic perfusion may be even more impaired in the hypotensive hypovolemic 
patient. The increase of intra-abdominal pressure, in combination with mechanical 
positive pressure ventilation, may be extremely detrimental on splanchnic perfu-
sion. Moreover, the observed compressive effect of high IAP on the inferior vena 

Table 13.1 Effects of intraabdominal pressure (IAP) on systemic hemodynamic variables and 
hepatic blood flow

IAP 
(mmHg)

CO (L/
min)

PAWP 
(mmHg)

MAP 
(mmHg)

HABF (% of 
baseline)

PVBF (% of 
baseline)

HMCBF (% of 
baseline)

Baseline 4.8 ± 0.6 6 ± 1 66 ± 9 100 100 100
10 4.7 ± 1.0 5 ± 1 77 ± 23 60.9 ± 16.7* 72.6 ± 23.9* 80.8 ± 12.6*
20 4.9 ± 1.2 7 ± 1 93 ± 23 45.4 ± 22.7* 65.5 ± 19.5* 71.1 ± 15.8*
30 4.4 ± 0.7 6 ± 1 91 ± 25 33.3 ± 19.0** 54.9 ± 21. 8** 60.3 ± 15.9**
40 4.8 ± 0.4 8 ± 3 97 ± 26 30.1 ± 17.0** 47.8 ± 20.80** 48.4 ± 8. 4**

*p < 0.05; **p < 0.01
Abbreviations: CO Cardiac output, PAWP Pulmonary artery wedge pressure, MAP Mean arterial 
pressure, HABF Hepatic artery blood flow, PVBF Portal venous blood flow, HMCBF Hepatic 
microcirculatory blood flow
Adapted from: Diebel LN et al. Effect of increased intra-abdominal pressure on hepatic arterial, 
portal venous, and hepatic microcirculatory blood flow. J Trauma. 1992 Aug;33(2):279–82
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cava may lead to significant impairment with hepatic outflow resulting in further 
hepatic congestion [9]. The decrease in the hepatic arterial and venous portal flow 
and the following increase in the porto-collateral circulation exercise pathological 
effects on liver activity causing a decrease in the lactate clearance, an alteration in 
the glucose metabolism and the mitochondrial function [10]. The deleterious effects 
of increased IAP may be considered in terms of the hepatic circulation and of the 
biochemical dysfunction of the hepatocytes [11].

Despite monitoring hepatic blood flow and function might be fundamental dur-
ing IAP, they remain difficult to assess at the bedside. Plasma concentrations of liver 
enzymes and laboratory parameters of liver synthesis offer partial and indirect 
information on actual liver function [12]. In an animal study of sustained raised IAP, 
Eleftheriadis and Kotzampassi compared healthy rats to those with induced cirrho-
sis, observed increased levels of alkaline phosphatase, alanine aminotransferase, 
and bilirubin concentrations in the latter, although these changes did not reach sig-
nificance. The study does, however, suggest that patients with preexisting liver dis-
ease may be more susceptible to the effects of raised intra-abdominal pressure [13]. 
Noninvasive measurement of indocyanine green (ICG) plasma disappearance rate 
(PDR(ICG)) is supposed to be an accurate marker of liver function [14]. After intra-
venous injection, ICG is distributed via the bloodstream, excreted by hepatocytes 
into the bile, and then completely cleared by the gastrointestinal system without 
entering the enterohepatic recirculation [12]. Therefore, elimination of ICG is deter-
mined by cardiac output (CO), hepatic blood flow, and hepatocellular uptake; thus, 
PDR(ICG) has been shown to be a good surrogate marker for liver function and 
hepatosplanchnic perfusion. Different authors tried to assess the prognostic value of 
the indocyanine green plasma disappearance rate in critically ill patients. During 
liver transplantation, PDRICG has been demonstrated to reliably detect rapid varia-
tions in liver function caused by sudden changes in the hepatosplanchnic blood 
flow [13].

Kimura et al. identified PDR(ICG) as an early indicator of hepatocellular injury 
in the course of septic shock and assessed its predictive value of poor outcome [15]. 
Inal et al. showed in a retrospective analysis of 30 critically ill patients that IAP was 
significantly higher (21.5 ± 2 mmHg vs. 11.7 ± 1.5 mmHg) and PDRICG was sig-
nificantly lower (10.9 ± 3.4% vs. 24.5 ± 6.8%) in non-survivors compared to survi-
vors evidencing a superior sensitivity and specificity (AUROC = 0.78) of PDRICG 
compared to the APACHE-II score (AUROC = 0.64), SOFA score (AUROC = 0.56), 
and bilirubin (AUROC = 0.62) [16].

Malbrain et al. evidenced that PDR(ICG) correlated significantly with IAP and 
even more with APP (abdomen pressure perfusion), observing an important correla-
tion between higher values of IAP and significantly lower values of APP and 
PDR(ICG) and mortality. The lower the PDRICG and APP, the higher the ICU and 
hospital mortality are [12]. In 40 critically ill patients, a PDR(ICG) ≥ 12% had a 
sensitivity of 78.6% and a specificity of 80.8% for good outcome, while 
PDR(ICG) < 12% had significantly higher ICU and hospital mortality [12]. Sakka 
et al. classified patients according to their lowest ICG-PDR value and found that 
mortality was about 80% in patients with ICG-PDR lower than 8% per minute and 
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survival was about 80% in patients with ICG-PDR greater than 16% per minute 
[17]. PDR(ICG) has been shown to be a good surrogate marker for liver function 
and hepatosplanchnic perfusion offering additional information always not 
“detected” by the classic liver function tests.

Liver injury during ACS may also be explained by the activation of the host’s 
inflammatory cascade in a two steps model of postinjury MOF [18]. An initial insult 
(hemorrhage/trauma) primes the host’s inflammatory cascade through an ischemia/
reperfusion effect, creating a vulnerable milieu where a second insult (such as ACS) 
can provoke unbridled systemic hyperinflammation culminating in organ dysfunc-
tion and MOF [18]. The role of sequential insults to the organism (first hypovolemic 
shock and resuscitation and then IAH) may amplify the ill effects of IAP or lower 
the critical threshold for the development of severe IAH.

Rezende-Neto et al. showed that the development of ACS 8 h after resuscitation 
for hemorrhagic shock when there were already activated circulating neutrophils 
(PMNs) provoked acute lung and liver injury and resulted in a 33% mortality [18]. 
This model has direct clinical implications stressing the importance of promptly 
treating or controlling ACS after damage control resuscitation to prevent postinjury 
MOF in critically injured patients.

Moreover, it has been shown that in animal models of increased IAP there is 
a significantly higher Escherichia coli counts in the mesenteric lymph nodes, 
liver, and spleen 3 h later abdominal decompression [19]. It is generally accepted, 
that shock, major trauma, and thermal injury can cause mucosal disintegration 
contributing to distant organ failure either by the release of inflammatory media-
tors or gut mucosal barrier disruption leading to bacterial and endotoxin translo-
cation [19].

These findings were an example of ischemia–reperfusion injury, and increased 
IAP caused significant intestinal ischemia, followed by reperfusion injury after 
abdominal decompression.

Moreover, high intra-abdominal pressure in critically ill unstable patients can 
exacerbate the other pathophysiological mechanisms of organ damage further wors-
ening the multi-organ dysfunction associated with acute/chronic liver failure [11].

13.2  Hepato-Abdominal–Renal Syndrome (HARS)

Acute kidney injury (AKI) in critically ill cirrhotic patients is common and often 
multifactorial.

Hepatorenal syndrome likely reflects prerenal decrease of kidney function, 
occurs in patients with liver failure and ascites, and does not respond to volume 
loading. The pathophysiologic mechanism leading to hepatorenal syndrome is char-
acterized by splanchnic arterial vasodilatation leading to renal vasoconstriction in 
the setting of a low flow state due to decreased systemic vascular resistance [20]. 
Although the incidence of HRS is unknown, especially in relation to other causes of 
renal failure, it is estimated to be 40% over a 5-year period in patients with cirrhosis 
and ascites [21].
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Hepatorenal syndrome is one of the serious complications of cirrhosis and 
closely associated with increasing intra-abdominal pressure (IAP) [22].

Diagnosis of HRS involves the demonstration of low glomerular filtration rate in 
the absence of shock, infection, fluid losses, and nephrotoxic agents, with no 
improvement after discontinuation of diuretics and administration of 1.5 L fluid and 
proteinuria of less than 500 mg/day, with no ultrasonographic evidence of obstruc-
tion or intrinsic parenchymal disease [20].

The precise role of IAH in HRS remains incompletely understood. It can be 
argued that diminished glomerular perfusion due to venous congestion results in 
further decline of GFR coupled with reduction of cardiac output and elevated 
levels of catecholamines, renin, angiotensin, and inflammatory cytokines, leading 
to further renal dysfunction as IAP approaches the range of ACS [23]. The term 
HARS, hepato-abdominal–renal syndrome, succinctly describes this pathophysi-
ological process, as increase in the IAP may be the missing link in the develop-
ment of AKI in decompensated liver failure [24]. In patients with portal 
hypertension and esophageal varices, increases in IAP may have deleterious 
effects on variceal hemodynamic, markedly increasing the volume, pressure, and 
wall tension of the varices [25].

Paracentesis has been performed as treatment for hepatorenal syndrome, but 
generally was not advocated because of fears of inducing hypovolemia and further 
exacerbating kidney impairment [26].

However, several investigators have hypothesized that IAH may be an impor-
tant contributing factor in the pathogenesis of hepatorenal syndrome, with obser-
vations in small studies that paracentesis and parenteral administration of 
albumin may lead to improved kidney function in critically ill patients with cir-
rhosis admitted with variceal bleeding, as well as in stable patients with hepa-
torenal syndrome [27].

Diuretics, albumin, or other treatments are often insensitive or ineffective to the 
recovery of renal function in the cirrhotic patients with ascites. However, it could be 
improved after the extraction of ascites. In clinical practice, IAP could be raised due 
to the increasing ascites in patients with cirrhosis. Early abdominal decompression, 
rather than late, is gaining more popularity with better outcomes.

Renal replacement therapies are not a treatment for HRS/cirrhosis-induced 
AKI but are often initiated as a bridge to either liver transplant or definitive deci-
sion [28].

13.3  Hepato-Abdominal–Pulmonary Syndrome (HAPS)

Pulmonary dysfunction is a common feature in patients with liver disease. 
Hypoxia has been found in one-third of patients with chronic liver disease [29]. 
Ascites, hepatopulmonary syndrome, extreme hepatomegaly, low albumin levels, 
anemia, increased closing volume, and respiratory muscle weakness are consid-
ered among the factors implicated in the pathogenesis of hypoxemia in cirrho-
sis [30].
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The hepatopulmonary syndrome (HPS) is a rare lung complication of liver dis-
ease characterized by intrapulmonary vasodilation leading to a ventilation/perfusion 
mismatch with resultant hypoxemia that can be found in up to 40% of patients with 
end-stage liver disease. The clinical triad consists of: (1) liver disease and/or portal 
hypertension; (2) the presence of intrapulmonary vascular dilatations; and (3) 
increased alveolar-arterial gradient resulting in orthodeoxia (arterial hypoxemia in 
the upright position) and platypnoea (improved oxygenation in supine position) [31].

Diagnosis is based on identification of hypoxemia either through pulse oximetry 
or on arterial blood gas and the demonstration of an intrapulmonary shunt (which 
can usually be demonstrated with contrast echocardiography) if there is a normal 
chest X-ray and pulmonary function tests [32]. Portopulmonary hypertension is the 
presence of pulmonary arterial hypertension due to increased pulmonary vascular 
resistance and pulmonary vasoconstriction leading to right heart failure in the set-
ting of advanced liver disease. Doppler echocardiography is a highly sensitive tool 
for detecting portopulmonary hypertension, using a right heart catheterization for 
confirmation and definitive diagnosis. The diagnosis is made if mean pulmonary 
arterial pressure is >25 mmHg or left ventricular end-diastolic pressure <15 mmHg 
in the setting of liver disease or portal hypertension. In general, the presence of 
portopulmonary hypertension is a poor prognostic sign in liver failure [32].

Moreover, pulmonary function can also be compromised by direct mechanical 
effects of hydrothorax and abdominal ascites on diaphragmatic movement. 
Hydrothorax is defined as a significant pleural effusion, usually >500  mL in a 
patient with end-stage liver disease. Various mechanisms have been proposed such 
as decreased osmotic pressure, leakage of plasma from azygous venous system, and 
lymph leakage from the thoracic duct, although the prevailing thought is direct 
transport into pleural space through diaphragmatic defects [21].

The new term HAPS, or hepato-abdominal-pulmonary syndrome, describes this 
clinical problem. Indeed the nitric oxide–induced vasodilation, the water and 
sodium retention coupled with the cirrotic hyperdynamic state, and the increased 
IAP will lead to expansion of systemic and central blood volumes resulting in inter-
stitial fluid accumulation, triggering a vicious cycle [33].

Finally, the presence of an exaggerated inflammatory response, coupled with a 
relative immunocompromised state likely can predispose patients to acute lung 
injury. The risk of aspiration pneumonias also high because of altered conscious-
ness, swallowing dysfunction, gastric stasis, increased intra-abdominal pressure due 
to ascites, and ileus resulting from infection and electrolyte abnormalities [34].

Medical treatment is generally indicated as a bridge to transplant and is based on 
the continuous infusion of a prostacyclin such as epoprostenol for mean pulmonary 
artery pressures >25 mmHg. As for HRS, the cornerstone of management remains 
albumin (1 g/kg initially followed by 20–40 g/day) and vasopressor therapy to miti-
gate splanchnic and systemic vasodilatation.

The only definitive treatment for HPS is liver transplantation, which will result 
in complete resolution in 80% of the cases. Other forms of medical therapy such as 
somatostatin, indomethacin, methylene blue, and plasma exchange have been used 
but remain unvalidated.
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With regard to PPH, the diagnosis has specific transplant implications, as ortho-
topic liver transplant is classified as high risk if mean pulmonary artery pressure is 
between 35 and 50 mmHg and contraindicated if mean pulmonary artery pressure is 
>50 mmHg due to high mortality from acute right heart failure [35].

13.4  Conclusion

Polycompartment syndrome is a clinical severe condition generated by increased com-
partmental pressures in multiple compartments of the body and able to compromise 
tissue and organ perfusion. The abdomen plays a central role and the liver seems to be 
particularly susceptible to the effect of IAH. Deterioration of hepatic cell function and 
liver perfusion have been revealed by different animal and human studies associated 
with IAP and are more pronounced in acute/chronic failure. ACS exerts a role in the 
pathophysiology of cardiorenal and hepatorenal syndromes that are often worsened by 
the pathophysiological condition occurring during IAH. Close monitoring and ade-
quate therapy aimed at lowering compartmental pressure and restoring organ perfusion 
preventing organ failure are necessary to improve outcome decreasing mortality.
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HJR Hepatojugular reflux
IAH Intra-abdominal hypertension
IAP Intra-abdominal pressure
ICU Intensive care unit
ITP Intrathoracic pressure
IVCCI Inferior vena cava collapsibility index
JVP Jugular venous pressure
MAP Mean arterial pressure
MV Mechanical ventilation
PAOP Pulmonary artery occlusion pressure
PAP Pulmonary artery pressure
PTP Proximal tubular pressure
RVP Renal venous pressure
STEMI ST-elevation myocardial infarction
WRF Worsening renal function

14.1  Introduction

Intra-abdominal hypertension (IAH) and abdominal compartment syndrome (ACS) 
are closely associated with renal impairment. The detrimental effects of elevated intra-
abdominal pressure (IAP) on kidney function have been known for centuries, how-
ever, only recently has there been an increasing focus on this subject. Critical care 
nephrology demands an in-depth understanding of the interactions and “cross- talks” 
that occur between the kidney and multiple other organ systems (heart, lungs, gut, 
brain), and there are many pathophysiological aspects still insufficiently elucidated.

This lack of understanding may explain the difficulty in treating patients where these 
multiple organ “cross-talks” lead to complex syndromes (i.e., acute kidney injury in 
decompensated heart failure), leading to a lack of clarity in therapeutic decision-making.

A potential role of venous congestion in the development of renal failure, through 
coexisting repercussions on the heart and abdominal compartment, has recently 
been proposed. In contrast with the traditional perception of worsening renal func-
tion due to hypoperfusion through low-flow states (i.e., low cardiac output), sys-
temic congestion due to a backward failure is characterized by right ventricular 
dysfunction, increased central venous (CVP), and renal venous pressures (RVP), 
IAH and as a result worsening renal function.

This chapter discusses the pathophysiological insights on kidney injury induced by 
IAH and the role of IAP in worsening renal function in the setting of decompensated heart 
failure, introducing the new concept of “cardio-abdominal-renal syndrome” (CARS).

14.2  Clinical Case Conundrum

A 66-year-old man with a known history of hypertension, type 2 diabetes, hyper-
cholesterolemia, and chronic kidney failure (CrCl 32 mL/min) was referred to our 
institution for a second opinion.
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After a STEMI 40 years ago followed by CABG, he had an NSTEMI 15 years 
ago with a redo-CABG followed by another STEMI 4 years ago. His left ventricular 
ejection fraction was estimated at 29%. He falls within the criteria of heart failure 
with reduced ejection fraction (HFREF). He is referred because of progressive exer-
tional dyspnea for the last 6 months. The last 5 days he had orthopnea, cough but no 
chest pain or fever. Upon clinical examination: weight 98 kg, height 168 cm, BP 
102/58 mmHg, HR 104 bpm, sat 84% (RR 28) on room air, crepitations, JVP >10, 
a positive hepatojugular reflex, 4+ leg edema, an S3, a systolic murmur 4/6 with 
radiation to the apex. Blood gas analysis shows a shunt with pO2 of 59 mmHg and 
pCO2 43.6 mmHg while on room air. Chest X-ray shows cardiomegaly (Fig. 14.1).

The most important laboratory results showed: Urea 131  mg/dL, Creatinine 
2.34 mg/dL, eGFR 27 mL/min, Potassium 6.1 meq/L, Troponin 0.035 ng/mL, CK 
245 U/L, AST 34 U/L, LDH 597 U/L, Pro NT BNP 3100, CRP 126 mg/L.

His treatment consisted of ramipril 2.5 mg once daily po, spironolactone 25 mg 
once daily po, carvedilol 12.5 mg bid po, and bumetanide 2.5 mg bid po.

In summary, the patient has known chronic heart failure with now a history of 
acute decompensation and worsening renal function and inflammation. Fluid over-
load is apparent on clinical examination and he is grossly edematous.

He is admitted to CCU and given bumetanide 2 mg IV bolus and 1 mg/h infusion 
for 4 h, with little effect, diuresing only 650 mL in 24 h, clinically remaining con-
gested. Lab: Creat 3.2, eGFR 22 mL/min, Na 131, K 5.4. His respiratory condition 
worsens and he is admitted to ICU where the patient needs to be intubated and 
mechanically ventilated. Low-dose dobutamine is started (5 μg/kg/min). His central 
venous pressure is 17 mmHg.

Transthoracic ultrasound (under dobutamine) shows: Moderate LV/RV dysfunc-
tion, high R/L filling pressures, PAP = 45 mmHg + CVP = 63 mmHg, E/e′ = 15 
(grade 2 diastolic dysfunction), and PAOP estimation of 20.7 mmHg, dilated atria, 
IVCCI = 0%, Tricuspid and mitral regurgitation (Fig. 14.2).

Fig. 14.1 Chest X-ray. 
Previous CABG and 
cardiomegaly present. 
Vascular hili is prominent 
and the left 
costodiafragmatic sinus is 
shaded. No B-lines
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A transpulmonary thermodilution measurement is performed (with PiCCO2, 
Getinge, Solna, Sweden) and shows a CI of 2.2 L/min/m2, GEDVI 949 and EVLWI 
15 mL/kg PBW.  IV diuretics and dobutamine are increased. However, cumulative 
fluid balance remains positive at 3358 mL and urine output dropped to 79 mL over the 
last 24 h. We absolutely do not know how to treat these patients as we don’t want to 
see the full picture. The IAP measured via the bladder was 21 mmHg, compatible 
with ACS. Treatment was intensified and focused on the reduction of venous conges-
tion and lowering IAP. The IAP was lowered by improving abdominal wall compli-
ance (with sedation and analgesia), reduction of intraluminal volume (with nasogastric 
suctioning, gastro- and colonoprokinetics, and rectal enemas), evacuation of free 
abdominal fluids (with ultrasound-guided paracenthesis), and avoiding further fluid 
overload combined with deresuscitation. This was done initially with a combination 
of diuretics: spironolactone, acetazolemide, thiazide (indapamide), and high-dose 
continuous loop diuretics in combination with salt and water restriction. Dobutamine 
was replaced by milrinone and CVVH with aggressive UF was started. The APP was 
maintained at 65 mmHg with a low dose of norepinephrine and IAP dropped below 
15 mmHg. Cumulative fluid balance came back to normal with deresuscitation and 
urine output increased and kidney function was preserved at baseline levels (Fig. 14.3).

14.3  Definitions

14.3.1  Acute Decompensated Heart Failure (ADHF)

ADHF is a common and potentially fatal cause of acute respiratory distress. The 
clinical syndrome is characterized by the development of dyspnea, generally 

Fig. 14.2 Transesophageal cardiac ultrasound. Grade 4 inferior vena cava (IVC) congestion 
>20 mm with minimal or no respiratory variation
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associated with rapid accumulation of fluid within the lung’s interstitial and alveolar 
spaces, which is the result of acutely elevated cardiac filling pressures (cardiogenic 
pulmonary edema) [1]. ADHF can also present as elevated left ventricular (LV) fill-
ing pressures and dyspnea without pulmonary edema.

14.3.2  Acute Kidney Injury (AKI)

According to the KDIGO guidelines [2], acute kidney injury is defined by either an 
increase in serum creatinine ≥0.3 mg/dL within 48 h or an increase in serum creati-
nine ≥1.5 times baseline or an urine output ≤0.5 mL/kg/h for 6 h.

14.3.3  Worsening Renal Function (WRF)

Recent interest has focused on worsening renal function (WRF), a situation strongly 
related to mortality, but seemingly only when heart failure status deteriorates [3]. 
Worsening renal function (WRF) is defined as a 0.3–0.5 mg/dL rise in serum creati-
nine or a decrease in glomerular filtration rate (GFR) of 9–15 mL/min during hos-
pitalization for acute decompensated heart failure. From the patients with acute 
decompensated heart failure that develop WRF, 66% die within 1 year [4].

14.3.4  Intra-Abdominal Pressure (IAP)

IAP is the steady-state pressure concealed within the abdominal cavity. It is mea-
sured at end expiration in the supine position excluding muscle contractions and 
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Fig. 14.3 Graphical illustration of the effects of elevated intra-abdominal pressure (IAP) and 
abdominal compartment syndrome (ACS) on abdominal perfusion pressure (APP) and urinary 
output (UO). Note the beneficial effects of reduced IAP levels due to deresuscitation
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with the zero-reference set at the level where the midaxillary line crosses the iliac 
crest. The gold standard method is via the bladder after instilling a maximal priming 
volume of 20–25 mL.

14.3.5  Intra-Abdominal Hypertension

IAH is defined as a sustained increased IAP equal to or above 12 mmHg. IAH is a 
strong independent risk factor for the development of AKI and the relationship between 
IAP and renal function appears to be linear, with a greater impact at higher pressure. 
Animal data suggest a clear relationship between IAP and renal resistive index [5].

Furthermore, the earliest important manifestation of increasing IAP is oliguria 
[6] and the detrimental effects on kidney perfusion have been associated with 
increased morbidity and mortality in critically ill patients [7, 8]. The kidneys are 
also considered as the canary in the coal mine for IAH and are usually the first 
organs visibly failing when IAP increases.

In the presence of normovolemia, oliguria usually develops when IAP increases 
above 15 mmHg and anuria at levels above 25 mmHg. In the setting of decreased 
heart function (advanced decompensated heart failure), oliguria may develop at 
lower levels of IAP (as low as 8–10 mmHg).

14.3.6  Cardiorenal Syndrome

Several articles in the literature discuss the interactions between the heart and kid-
neys. These two organs are involved in maintaining hemodynamic stability and 
organ perfusion. This relationship becomes fragile in case of organ dysfunction. 
Cardiorenal syndrome can be defined as a pathophysiological disorder of the heart 
and kidneys in which acute or chronic dysfunction of one organ may induce acute 
or chronic dysfunction in the other [9].

The cardiorenal syndrome may in fact have two opposite yet partly overlapping 
pathophysiological mechanisms presenting with AKI/WRF, the first being the com-
monly thought of “low-flow” state with the renal dysfunction predominantly due to 
a poor cardiac output, and the second, actually more prevalent where it is due to 
increased venous congestion [10]. The therapeutic approach to these is diametri-
cally opposite, yet at the bedside, particularly without sonography, that may be 
impossible to differentiate. Even the commonly used urine sodium does not differ-
entiate, as it will also be low in congestive states, as the nephron will only sense the 
low renal perfusion pressure and retain sodium as long as it is functioning. By direct 
compression of the kidney, renal veins and IVC, as well as by decreasing venous 
return and CO, IAP may cause both pathophysiological mechanisms, as will be 
discussed further below. Hence it is important to develop an approach based on 
physiology.

The pathophysiology of CRS is not fully understood, and it is a heterogeneous 
and complex clinical entity. It can present with heart and/or kidney failure that can 
be either acute or chronic and can be summarized as a complex symbiosis gone wrong.
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It is now sufficiently clear that renal dysfunction occurs frequently in all pheno-
types of heart failure, and when present, it is associated with higher mortality and 
morbidity. While the pathophysiology is multifactorial, the most important factors 
are a reduced renal perfusion and venous congestion.

14.4  Incidence

The incidence of IAH in critically ill patients is 25% on admission and 50% within 
the first week of stay. The most important risk factors for the development of IAH 
are a positive cumulative fluid balance and fluid overload (defined as a 10% increase 
in cumulative fluid balance from baseline body weight). IAH is a strong indepen-
dent risk factor AKI, which in turn develops in approximately 30% of critically ill 
patients with IAH [11].

In a study conducted by Dalfino et al. an IAP of 12 mmHg was identified to have 
the best sensitivity to specificity ratio for predicting AKI [12]. Biancofiore et al. 
identify an IAP ≥ 25 mmHg as an important factor for renal failure in patients who 
underwent liver surgery [13]. In another prospective cohort of 83 ICU patients, 
those with IAH had significantly higher mortality (53 vs. 27%) and higher incidence 
of renal dysfunction by Sequential Organ Failure Assessment renal subscore (58 vs. 
27%). This was also shown in the first multicenter epidemiologic study on the inci-
dence of IAH [14] and an individual patient database meta-analysis [7].

Worsening renal function occurs in 30% of patients admitted for acute decom-
pensated heart failure regardless of whether there is decreased or reduced (HFREF) 
or preserved (HFPEF) systolic function. Worsening renal function typically occurs 
early, within days after hospitalization, suggesting a direct causative effect of the 
hemodynamic alterations that occur while treatment for acute decompensated heart 
failure is optimized and in which IAP can play a significant role.

14.5  Impact of Increased IAP on Kidney Function in Patients 
with Normal Heart Function

In the late nineteenth century, Wendt and Landois were the first to identify the harm-
ful effect of elevated IAP on renal function and urinary output by reporting oliguria 
in the presence of elevated IAP in animal models [15, 16]. Afterwards, Bradley and 
Bradley performed the first study looking at the effects of increased IAP in humans 
in 1947 [17].

Several mechanisms have been suggested as etiology for IAH-induced renal fail-
ure. Renal artery and vein compression coupled with renal tubule compression have 
been suggested as the likely mechanism behind the kidney dysfunction and failure 
accompanied by reduced cardiac output.

To explain this, we have to introduce a similar concept to cerebral perfusion pres-
sure, namely abdominal perfusion pressure (APP). APP is a measurable parameter that 
has been introduced to explain the circulatory compromise in the abdominal cavity in 
the presence of IAH/ACS. The APP can be defined as the difference between the mean 
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arterial pressure (MAP) and the IAP, and implies that as the IAP rises, the perfusion of 
organs or vessels in or near the abdomen falls even in the absence of a drop in MAP.

 APP MAP IAP= -  

The compliance of the abdominal wall generally limits the increase in IAP as 
abdominal girth increases. However, once a critical volume is reached, compliance 
of the abdominal wall decreases abruptly. Further distension beyond this critical 
IAP results in rapid increases in IAP and resultant organ dysfunction [18, 19]. This 
is illustrated in Fig. 14.4.

Changes in IAP have a greater impact than changes in MAP on renal function 
and urine production.
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The filtration gradient (FG) is the mechanical force across the renal glomerulus 
and equals the difference between the glomerular filtration pressure (GFP) and the 
proximal tubular pressure (PTP). In the presence of IAH, PTP may be assumed to 
equal IAP. GFP can be estimated as MAP minus IAP.

Moreover, an acute increase of IAP reduces the renal blood flow and triggers the 
autoregulatory mechanism, acutely rising glomerular filtration. But the integrity of the 
kidney response might be related to the patient’s capability to maintain an adequate 
glomerular filtration rate during stressful conditions. When IAP overcomes the intrare-
nal autoregulation, glomerular hypoperfusion, and clinical AKI becomes manifest [21].

Since the kidneys are encapsulated organs located in the retroperitoneal space of 
the abdominal compartment, also a direct parenchymal compression is considered 
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Fig. 14.4 Distinctions and interactions between normal intra-abdominal pressure (IAP), intra- 
abdominal hypertension (IAH), and abdominal compartment syndrome (ACS). The shaded area 
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from Malbrain et al. with permission [20])
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to have a role on kidney impairment, especially when a localized renal compart-
ment syndrome develops. Interstitial edema follows AKI and can lead to ischemic 
lesions due to a reduction in the vascular flow and an increase of venous conges-
tion due to the alteration on vascular permeability [22–24]. A study conducted 
on piglets showed that decapsulated kidneys displayed an effective reduction of 
intrarenal pressure, an increment of renal tissue oxygen pressure, and a better 
performance in the regional delivery consumption and extraction of oxygen after 
reperfusion. This regional effect resulted in a marked attenuation of acute kidney 
injury progression due to reduced structural damage and improved renal function 
[25] (Table 14.1).

Direct parenchymal compression may instigate the development of a “renal com-
partment syndrome” wherein renal arterial blood flow is diminished while renal 
venous pressure and renal vascular resistance are increased causing blood to be 
shunted away from the renal cortex and glomeruli leading to tubular dysfunction 
and subsequent renal failure.

Other etiological stimuli such as inflammatory end/or toxic exposures may 
induce kidney impairment and/or kidney dysfunction. In a rodent model study, IAH 
resulted in edema and neutrophil infiltration in the kidney.

Despite the increasing focus on the detrimental effects of elevated IAP in AKI, 
many pathophysiological aspects are not well characterized. Historically it is 
believed that the decrease in renal perfusion pressure is one of the most important, 
but this can explain only in part the pathophysiology of the syndrome. Also, studies 
with placement of ureter stent failed to overcome AKI in the setting of increased 
IAP and compression of ureters. On the other hand, renal decapsulation has proven 
beneficial in local renal CS [25].

In an animal model of IAH blood volume expansion corrected cardiac output but 
this did not restore renal blood flood or GFR above 25% of normal. Placement of 
ureteric stents did not influence renal response to raise IAP and was not protective 
to prevent AKI [26]. He concluded that the impairment in renal function produced 

Table 14.1 Primary intra-
abdominal hypertension- 
induced effects on kidney 
function

Renal effects of IAH
Renal parenchymal compression ▲
Renal perfusion pressure ▼
Filtration gradient ▼
Renal arterial blood flow ▼
Renal venous pressure ▲
Renal interstitial pressure ▲
Renal venous compression ▲
Tubular dysfunction ▲
Glomerular perfusion ▼
Diuresis (oliguria to anuria) ▼
Renin, angiotensin, aldosterone ▲
Compression of ureters ▲
Antidiuretic hormone ▲
Systemic hypertension in chronic IAH ▲
Corticomedullar shunting in renal plasma flow ▼
Sympathetic nervous system stimulation ▲
▲ increase, ▼ decrease
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by increased intra-abdominal pressure is a local phenomenon caused by direct renal 
compression and is not related to cardiac output.

14.6  Impact of Increased IAP on WRF in Patients 
with Decompensated Heart Failure

The hallmark feature of heart failure (HF) is characterized by the combination of 
low cardiac output (forward failure) and systemic venous congestion (backward 
failure), manifesting as elevated jugular venous pressure often leading to ana-
sarca edema.

In HF, because of the backward failure and increased arteriolar vasoconstriction, 
a progressive shift of blood from the effective circulatory volume to splanchnic 
capacitance veins might be expected (Fig. 14.5). The total amount of this hidden 
volume (sometimes referred to as the third ventricle) can be estimated as high as 
800 mL (intestines 400 mL + liver 300 mL + spleen 100 mL). Hence autotransfu-
sion of 800 mL from abdomen into systemic circulation within seconds following 
increased abdominal sympathetic drive [27].

In addition, inefficient natriuresis and progressive volume overload may lead ulti-
mately to a state of congestion with increased IAP if the splanchnic capacitance is 
unable to cope with congestion [28]. Analogous to the production of ANP and BNP 
(B-type natriuretic peptide) in the heart, in heart failure patients also natriuretic sub-
stances are produced in the gut such as the peptides uroguanylin and guanylin [29].

Recent studies focusing on kidney afterload have revived the interest in older 
studies which suggested that kidney dysfunction is a result of venous congestion 
transmitted to the renal venous compartment. Almost a century ago, it was indeed 
demonstrated than hypervolemia induced increase in RVP caused AKI [30]. 
Therefore the term “congestive kidney” was coined to describe a pathophysiologi-
cal condition in which multiple and complex clinical patterns (such as cardiorenal 
and hepatorenal syndromes) converge to cause a common final state: an increase in 
renal venous pressure (RVP) [31].

An indirect assessment of renal venous hypertension may be the value of the 
central venous pressure (CVP). The CVP is the pressure recorded from the superior 
vena cava and is widely used as a surrogate of intravascular volume. CVP measure-
ments therefore are often applied at the bedside to guide fluid administration in 
postoperative and critically ill patients. The normal value of CVP is 5–7 mmHg. 
Pressures above 12  mmHg indicate overhydration, heart failure, or pulmonary 
artery stenosis, which limit venous outflow and lead to venous congestion. A high 
CVP might impede venous return to the heart and disturb microcirculatory blood 
flow which may cause tissue congestion and organ failure. Hence pursuing high 
CVP levels has recently been challenged.

Furthermore, by imposing an increased “afterload” on the kidney, an elevated 
CVP will particularly harm kidney hemodynamics and promote acute kidney injury 
(AKI) even in the absence of volume overload. This is why maintaining the lowest 
possible CVP should become routine to prevent and treat AKI, especially when 
associated with septic shock, mechanical ventilation, and IAH [32].
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More precisely, CVP must be lower than RVP in order to allow an adequate 
venous return blood flow to the heart. Accordingly, the presence of a high CVP 
requires a much higher RVP to ensure this flow. Renal perfusion pressure (RPP) 
approximates the difference between renal arterial pressure and RVP. As such, a 
higher RVP lowers RPP. In analogy with cardiac physiology, this forms the basis for 
the renal afterload concept [33].

Evidence suggests that acute increases of CVP should be actively treated to 
avoid a deterioration of the renal function, particularly in patients with poor ven-
tricular fraction. Besides, the practice of treating right heart failure with fluid load-
ing should be avoided in favor of other ways to optimize hemodynamics in this 
setting, because of the detrimental effects on the kidney function [34]. Recent stud-
ies showed that in fact CVP seems more important than cardiac output as predictor 
for WRF in patients with ADHF [24]. Figure 14.6 explains the occurrence of WRF 

Low
Output
Cardiac
Failure
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Low SAP
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⇑ Vasopressin ⇑ Sympathetic tone ⇑ RAAS

⇓ RPP
⇑ Na + water

retention

Fig. 14.5 The forward 
failure (RED) hypothesis 
and net effects on salt and 
water homeostasis (in 
ORANGE). MAP mean 
arterial pressure, RAAS 
renin angiotensin 
aldosterone system, RPP 
renal perfusion pressure, 
SAP systolic arterial 
pressure

Pulmonary
hypertension

RH failure Low
Output
Cardiac
Failure

⇓ Arterial
underfilling⇑ Sympathetic tone
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⇑ CVP + venous
congestion
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Fig. 14.6 Pathophysiological 
effect of heart failure (in RED 
forward failure) related 
venous congestion (in BLUE 
backward failure) on organ 
function and net effects on 
salt and water homeostasis (in 
ORANGE). CVP central 
venous pressure, IAP 
intra-abdominal pressure, 
RAAS renin angiotensin 
aldosterone system, RH right 
heart, RPP renal perfusion 
pressure
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in patients with ADHF via a combination of forward and backward failure. However, 
this model may not fully explain all alterations observed.

In addition, an increase in RVP can cause sodium retention by a direct action on 
the kidney: a rise in RVP could thereby initiate a vicious circle by causing sodium 
and water retention, expansion of plasma volume, and further increase in venous 
pressure. This sequence of events may an exacerbating factor in edematous states 
and polycompartment syndrome [35].

The importance of venous congestion in the development of WRF in ADHF can 
possibly explain the greatest improvement of the renal function after medical treat-
ment for advanced HF in patients characterized by echocardiographic signs of the 
impact of right ventricular dysfunction on inferior vena cava, portal, hepatic, and 
renal veins [36] (Table 14.2).

14.7  CARS Cardio-Abdominal–Renal Syndrome

Only recently, it was shown that IAP is often raised in patients with ADHF. In a 
study of 40 patients, hospitalized for ADHF, more than 50% presented with raised 
IAP, mostly with minimal or no abdominal complaints [1]. Intriguingly, in ADHF—
presumably because of low renal perfusion—the kidneys are extremely sensitive to 
even small elevations in IAP (8–10  mmHg) and CVP [1]. Interestingly, ascites 
could only be found in a small subset of cases, so the presence of raised IAP in 
ADHF is probably due to visceral (tissue) edema as a result of progressive whole- 
body fluid accumulation or systemic congestion [1, 38].

Elevated IAP seems to correlate with more impaired renal function in patients 
presenting with ADHF and reduction of IAP after tailored medical therapy is 

Table 14.2 Grading table for assessment of venous congestion with point-of-care ultrasound

Grade 0 Grade 1 Grade 2 Grade 3 Grade 4
VCI <5 mm with 

respiratory 
variation

5–9 mm with 
respiratory 
variation

10–19 mm with 
respiratory 
variation

>20 mm with 
respiratory 
variation

20 mm with 
minimal or 
no respiratory 
variation

Hepatic 
vein

Normal S > D S < D with 
antegrade S

S flat or inverted 
or biphasic trace

Portal 
vein

<0.3 pulsatility 
index

0.3–0.49 
pulsatility index

0.5–1.0 pulsatility 
index

Renal 
Doppler

Continuous 
monophasic/
pulsatile flow

Discontinuous 
biphasic flow

Discontinuous 
monophasic flow 
(diastole only)

VEXUS 
score

IVC 
grade < 3, HD 
grade 0, PV 
“grade 0” (RD 
grade 0)

IVC grade 4, 
but normal HV/
PV/RV 
patterns.

IVC grade 4 with 
mild flow pattern 
abnormalities in 
two or more of 
the following 
HV/PV/RV

IVC grade 4 
with severe 
flow pattern 
abnormalities in 
two or more of 
the following 
HV/PV/RV

VEXUS venous congestion assessment with ultrasound (adapted with permission from Rola 
P. et al. book “Bedside Ultrasound: a primer for clinical integration” [37])
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associated with improvement of the renal function [1]. Furthermore, in the subgroup 
of patients with ADHF where medical treatment failed to reduce IAP, prompt reduc-
tion in IAP following large-volume mechanical fluid removal with either paracente-
sis in case of ascites or ultrafiltration dramatically improved renal function [38].

Interestingly, increases in IAP and CVP also seem to be more important than 
decreases in CI [39] and this is also the case in sepsis [24].

Notably, while organ dysfunction in the intensive care literature has only been 
described when IAP exceeds 12 mmHg, patients with ADHF might already develop 
WRF with a much lower IAP [1]. This suggests that the underlying reserve of the kid-
neys to counteract an increased IAP is limited in this setting. It is also vital to empha-
size that although the degree of renal dysfunction probably correlates with the degree 
of elevated IAP; there can be a wide range of IAPs in relation to serum creatinine levels 
at presentation. While we can only speculate why this discrepancy exists, other mecha-
nisms including coexisting systemic congestion, preexisting renal insufficiency, as 
well as drugs used during the treatment of ADHF, may probably also play a role.

Because of the central role that IAP plays in cardiovascular and renal hemody-
namics in critically ill patients, we believe that it may present the missing link 
between the heart and the kidney. Therefore, the term cardio-abdominal–renal syn-
drome (CARS) was coined for the first time in 2012 [40].

14.8  Prevention of IAH-Induced Kidney Injury

Successful prevention strategies for AKI are based on fluid administration. Fluid 
resuscitation can be helpful in the presence of IAH if aiming to increase the 
APP. However, a positive cumulative fluid balance increases the IAP linearly and 
may trigger a vicious cycle (Fig. 14.7). Diuresis is not a good parameter to guide 
fluid resuscitation in critically ill patients with IAH.

2.
Intestinal
edema

3. Visceral
swelling

4. IAH
5. Mesenteric vein

compression

6. Venous
hypertension
congestion

1. Salt and
water

retention

ADHF
WRF

Fig. 14.7 The 
pathophysiological vicious 
cycle of fluid overload 
leading to CARS
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Therefore, clinicians should have a low threshold for measuring baseline IAP 
when two or more risk factors are present. Serial measurements of IAP are essential, 
as these patients are constantly changing physiologically, and isolated measure-
ments are of little value. Continuous IAP monitoring via a balloon-tipped nasogas-
tric probe or a 3-lumen Foley needs to be considered, especially if the patient 
demonstrates evidence of IAH and low APP.

Therefore, the best prevention relies on IAP monitoring as soon as the kidneys 
become dysfunctional and avoiding fluid overload (defined as 10% increased from 
baseline body weight).

14.9  Treatment of Patients with IAH-Induced AKI

Correcting positive fluid balance is critical and often requires limiting fluid admin-
istration. A fluid management based on fluid stewardship is recommended [41]. In 
analogy to the way antibiotics are handled we can consider four phases of fluid 
therapy: resuscitation phase, the optimization phase, the stabilization phase, and the 
evacuation phase. The last phase is the most important in case of systemic decon-
gestion. A continuous infusion of loop diuretics may be effective although it is 
uncertain whether diuretics alone are sufficient to reach a neutral or negative cumu-
lative fluid balance. Often combination therapy of different classes of diuretics is 
needed as shown in the clinical conundrum but often diuretics only allow 1 or 2 days 
of negative fluid balance and escalation to RRT may be needed. A recent, large, 
double-blind, randomized clinical trial could not prove a benefit for high versus low 
dosing or administration with bolus versus continuous infusions, although a trend 
toward more WRF was seen in the high-dose group [42].

There are several potential mechanisms through which diuretics could worsen 
heart failure progression and increase the risk of WRF. First, diuretics further stimu-
late the neurohormonal axis which is implicated in the progression of heart failure. 
Second, diuretics can cause marked electrolyte abnormalities such as potassium and 
magnesium depletion, as well as metabolic alkalosis, possibly resulting in lethal 
arrhythmias. Third, intravascular underfilling can occur if diuresis exceeds the plasma 
refilling time which is about 3–4 mL/kg/h. This causes decreased RBF and often pro-
vokes a significant decrease in GFR. Nevertheless, recent data suggest that in cases of 
clear hypervolemia, achieving hemoconcentration through extensive use of diuretic 
therapy—despite transient WRF—might be associated with a better prognosis [43].

RRT with net ultrafiltration can rapidly remove large amounts of fluids to opti-
mize fluid balance. In a retrospective cohort study, De Laet et al. registered a signifi-
cantly decrease of IAP in patients who were treated with either sustained 
low-efficiency dialysis (SLEDD) or continuous venovenous hemofiltration (CVVH). 
Moreover, this study showed that renal replacement therapy with net fluid removal 
lowers volumetric indices in critically ill patients, although EVLWI reduction was 
modest compared to GEDVI [44].

In the setting of a capillary leak syndrome, a multimodal restrictive approach 
may be considered. A pilot study in patients with acute lung injury (ALI) investi-
gated the effects of the PAL treatment strategy: high levels of PEEP, small 
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resuscitation with albumin and fluid removal with furosemide (Lasix®) or ultrafil-
tration. PAL-treated patients had a greater reduction of EVLWI, IAP, and cumula-
tive fluid balance with minimum repercussions on cardiovascular and renal function; 
the intervention group required also fewer days on mechanical ventilation and had 
a lower 28-day mortality (28.1% vs. 49.1%, p = 0.034) [45].

Continuous RRT can provide a minute-to-minute control of the fluid balance and 
this may be an advantage in unstable patients.

Peritoneal dialysis is not an option in patients with IAH since the added intra- 
abdominal volume will further increase IAP, especially in presence of reduced 
abdominal compliance. Table 14.3 summarizes the different treatment options.

The use of a composite bedside ultrasound assessment for venous congestion 
may allow the clinician to determine the degree of importance of congestion in a 
given patient. The presence of a plethoric IVC along with marked abnormalities of 
splanchnic venous Doppler flow has been associated with a markedly increased risk 
of AKI on post-op cardiac surgery patients and general critically ill patients (unpub-
lished data, personal communication, Rola, Spiegel, and Beaubien-Souligny). In 
IAH patients, the IVC, HV, and PV Doppler signals may be difficult to interpret, but 

Table 14.3 Therapeutic options in CARS to improve WRF in patients with ADHF

Treatment option Description
1. Metabolic • Limit fluid intake

• Limit sodium intake
2.  Combination 

therapy diuretics
• Loop diuretic: high dose and continuous furosemide or bumetanide
• Acetazolemide: inhibition Na reabsorption proximal tubule
• Thiazide/Indapamide: inhibition Na reabsorption distal tubule
• Spironolactone: inhibition Na reabsorption proximal tubule

3.  Vasodilators 
(calcium 
antagonists, 
ACE-I)

• Increase renal blood flow
• Reduce filtration fraction
• Reduce lymph flow

4. Inotropes • Dobutamine
• Milrinone (especially when right heart pressures increased)

5. Lower IAP • Improve abdominal wall compliance
• Reduce intraluminal volume (ileus)
• Reduce intra-abdominal volume (ascites)
• Optimize fluid administration
• Optimize systemic regional perfusion

6. Increase APP • APP = MAP − IAP
• Vasopressors when needed, low-dose terlipressin, vasopressin or 
norepinephrine

7.  Active 
de-resuscitation

• Combination therapy diuretics
• Application of PEEP
• Albumin 20% + diuretics
• PAL treatment: PEEP (=IAP) + albumin 20% + Lasix
• SLEDD with UF
• CVVH with UF

ADHF advanced or acute decompensated heart failure, APP abdominal perfusion pressure, CARS: 
cardio abdominal renal syndrome, CVVH continuous venovenous hemofiltration, IAP intra- 
abdominal pressure, MAP mean arterial pressure, Na sodium, PEEP positive end-expiratory pres-
sure, SLEDD slow extended daily dialysis, UF ultrafiltration, WRF worsening renal function
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the intrarenal venous Doppler flow, if found to be markedly abnormal, should point 
to IAH as a significant cause of AKI. Further studies on this are needed but this may 
be a powerful bedside tool for the clinician facing therapeutic dilemmas.
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Compartment Syndromes in Children 
and Adolescents

Torsten Kaussen

Compartment syndromes are characterized by a discrepancy between the size of a 
limitedly compressible mass and the amount of space into which it is to be inte-
grated. When a level of critical compliance is not reached, compensation mecha-
nisms fail, leading to a decline in  local or systemic perfusion. This resulting 
deficiency in perfusion is accompanied by hypoxemia and usually causes a switch 
to anaerobic energy production. It is at this point (at the latest) that an additional 
inflammatory stimulus is potentially induced, possibly contributing to a further trig-
gering of the respective pressure gradients via capillary leak syndrome and extrava-
sation. The smaller or younger the patient, the greater the risk of a size and space 
discrepancy accompanied by—when compared to adults—significantly lower blood 
pressure and tissue perfusion pressure.

In clinical practice, four types of compartment syndrome play a relevant role in 
children and adolescents:

 1. Fascial/muscle compartment syndrome
 2. Cerebral compartment syndrome
 3. Thoracic compartment syndrome
 4. Abdominal compartment syndrome

Evidence-based data on the first three types is limited. They do not differ from 
adults with regard to pathogenesis, diagnosis, and therapy [1–4]. There is no reliable 
epidemiological information on how frequently they occur in children and 
adolescents.

The lack of data becomes clear simply in that the respective suggested pressure 
limits vary greatly; moreover, they were set at 20–25 mmHg regardless of patient 
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age (i.e., for adults as well as children) until only a few years ago. From the pediat-
ric perspective, such pressure levels are unreasonable when tissue perfusion pres-
sure (TPP  =  MAP −  Compartment pressure) is considered in relation to blood 
pressure adapted for age. In the case of a regular MAP level of 40 mmHg for an 
infant, a compartmental pressure of 20 mmHg would be an effective perfusion pres-
sure of 20 mmHg, i.e., half the norm for blood and perfusion pressure in this age 
group. In recent years, the respective norms for upper limits in pediatric patients 
have been revised downwards incrementally. Currently, a tissue pressure below 
13–16 mmHg is acceptable for cerebral and muscular compartments; up to 10 mmHg 
is a standard pressure value for intra-abdominal compartments. Knowledge about 
these new limits, which are adapted to pathophysiological conditions, can be con-
sidered neither widespread nor extensive.

Thus far, there has not been any useful data for thoracic compartment syndrome 
in children and adolescents. Elevated intrathoracic pressure in connection with car-
diac surgery is clinically relevant. The decision to leave the thorax open periopera-
tively is made regardless of the definite pressure values and based on the surgeon’s 
subjective impression as well as cardiorespiratory stability when the patient is taken 
off the heart-lung machine.

This chapter does not provide a detailed description of the first three types of 
compartment syndrome named and refers readers to the respective adult-focused 
chapter in this book.

Only in connection with abdominal compartment syndrome in children and ado-
lescents is evidence continually growing. This is a result of increased attention and 
scientific research. In spite of this growth, a great lack of knowledge and consider-
able ambiguities remain.

Due to the significantly better evidence, the author limits himself to a more 
detailed description of abdominal compartment syndrome.

15.1  Abdominal Compartment Syndrome in Children 
and Adolescents

15.1.1  Background

Although intra-abdominal hypertension (IAH) and abdominal compartment syn-
drome (ACS) should be diagnosed especially often in neonatal (NICU) and pediat-
ric intensive care units, both pathologies are still considered too seldom and barely 
actually diagnosed. This is astounding insofar as the so-called prototypes of high- 
risk illnesses, and procedures, potentially leading to IAH and/or ACS are to be 
found original in pediatrics [5]: In this case, there is the existence, and the closure, 
of a congenital abdominal wall defect (gastroschisis, omphalocele, congenital dia-
phragmatic hernia) and the transplantation of parenchymatous organs that can differ 
in size, making their volume a critical issue. Besides these prototypes, there are 
numerous other combinations of risks (in addition to those known in adult medi-
cine) that can lead to an increase in intra-abdominal pressure (IAP). Through 
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inflammation and capillary leak syndrome, a critical illness per se preordains the 
development of increased abdominal pressure. This is reflected in the fact that the 
likelihood of developing ACS along its associated likelihood of morbidity and mor-
tality increases by 22 times when the PRISM-III-Score (PRISM: Pediatric Risk of 
Mortality [6, 7]) is above 17 [8].

By definition one speaks of ACS when organ dysfunction occurs or is aggra-
vated in addition to intra-abdominal hypertension (IAH; present when intra-
abdominal pressure [IAP] is ≥10  mmHg) [9, 10]. In a healthy child, IAP is 
between 0 and 5 mmHg; in a mechanically ventilated child (without IAH), one 
usually finds an IAP of around 7 mmHg [11]. In cases of delayed diagnosis or 
inadequate therapy, an ACS regularly leads to multi-organ failure and death as a 
result of mutually triggering organ dysfunction and increasing inflammatory 
cascades.

15.1.2  Epidemiology

Despite an ever-increasing body of evidence from more and more published studies 
and profound reviews, only few reliable statements on the epidemiology of ACS in 
children can be made. Depending on the spectrum of the clinic and severity of the 
underlying diseases managed and treated in the respective neonatal (NICU) or pedi-
atric intensive care unit (PICU), the prevalence of ACS ranges between 0.6 and 
4.7% in PICUs [8, 12–15] and 7 and 18% in NICUs [16, 17]. When grouped accord-
ing to risk, the prevalence figures were from 27% (gastroschisis [18]), 37% (burn 
[19], pancreatitis [20]), and up to 74% (after liver transplantation [21]). All of these 
figures could still be rather underestimated since they are partially based on the data 
available at the time of their publication, i.e., when IAP limits were still signifi-
cantly higher than the standard pediatric maximum of 10  mmHg issued by the 
WSACS in 2013. For instance, some previously applied standard maximums were 
at 25–30 mmHg [9].

That premature and newborn babies tend to develop an ACS more often can 
on the one hand be explained by the miniaturized anatomical conditions and 
pathophysiological consequences as well as limited compliance regarding intra-
corporal increases in volume. On the other hand, the “prototype” [5] diseases 
named above are the ones primarily affecting premature and newborn babies. 
There are also typical abdominal complications related to premature and critical 
newborn births, for example necrotizing enterocolitis (NEC), ileus, volvulus, 
and intussusception. Due to their primary and secondary damage mechanisms, 
these are extremely often accompanied by IAH and ACS, which contributes sig-
nificantly to the morbidity and mortality of abdominal complications in this age 
group [17].

The only figures estimating incidences of ACS in children come from a yet-to- 
be-published 2016–2018 surveillance study of all 530 children’s clinics and depart-
ments in Germany [22, 23]. According to this study, ACS occurs in at least 
approximately 0.2% of children in intensive care. This figure may underestimate the 
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actual circumstances, as there are massive signs of extensive underreporting due to 
failure to diagnose and failure to report (caused by the increased workload in inten-
sive care) [22, 24]. Difficulties performing diagnoses did not occur due to the still 
somewhat little known WSACS criteria and definitions (ACS = IAH plus new or 
aggravated organ dysfunction). Only every fifth NICU, and PICU, even reported 
measuring IAP (at least in individual cases) [25]. Thus, it can be assumed that at 
least 80% of NICUs and PICUs are not (cannot be) considering the diagnostic cri-
teria in a way that is true to definition. In approximately 18–20% of cases, even 
organ dysfunctions were not recognized correctly and in time—regardless of the 
organ system that was concretely affected [22].

Although neonatal patients are affected more often by IAH and ACS than older 
children, almost all case reports were made by PICUs (and barely by NICUs) in the 
framework of the surveillance study mentioned above as well as in that of two prev-
alence studies from 2010 and 2016, respectively [25]. It is even more astounding 
that—in spite of this—a peak in cases could be found at a median age of 7 months 
[22]. If neonatal intensive care stations were more thorough in their diagnostics and 
reporting, this peak would probably shift further towards an even younger class of 
infants. In contrast to adults, girls and boys appear to be almost equally affected by 
the development of ACS (no predominance in boys) [22].

That cases of ACS are almost only observed and reported by large departments 
and university clinics can be due to the on average greater complexity of diseases 
often treated in large hospitals. However, the data gathered speaks quite clearly for 
the idea that knowledge and trust in the ability to apply definitions, recommenda-
tions, and therapy options associated with IAP can be described as proportional to 
the size of the clinics, and a great need for training in small clinics and nonuniver-
sity departments can be recognized. Although familiarity with and knowledge of 
IAP, IAH, and ACS has spread in recent years, it is still far from being sufficient 
across the board [25–27].

Lethality varies as well depending on the patient clientele and experience of the 
intensive care unit. It lies between 21 and 80% [8, 13, 17, 21–23, 28, 29], with spe-
cific combinations of risks being associated with a significantly higher lethality 
(above all pancreatitis, burns, NEC) [19, 20, 29, 30].

Risk of death is nine times higher when IAH and/or ACS occur [8]. According 
to Ejike et al., a 30% and 50% higher mortality rate can be predicted simply when 
the dynamic of an increase in IAP and “reaching” of the peak IAP value are 
observed.

The prognosis for the patient appears to essentially depend on doctors’ openness 
to courageous and if necessary invasive but above all timely therapeutic interven-
tion: when a conservative (noninvasive) therapy approach was applied in German- 
speaking (D-A-CH) NICUs and PICUs, the average likelihood of survival was 
40–60%; meanwhile, the likelihood of survival following decompressive laparot-
omy proved to be at least 83% [25]. In cases of a significant IAP increase and 
dynamic as well as ACS that is either impending or already occurring, a rash reduc-
tion in pressure and with this usually an invasive procedure can be decisive for 
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survival. In spite of this, there is often a fatal lapse in action before adequate therapy 
is introduced in daily clinical practice.

In this case there were also relevant differences depending on the academic back-
ground of care providers: whereas university pediatric clinics stated that they perform 
a yearly average of 2.4 laparotomies for decompression in cases of ACS, nonuniver-
sity departments reported only 0.3 per year. Thus, outcome data differ depending on 
the size of the intensive care unit, and its academic nature/background [25].

15.1.3  Classification and Pathophysiology

Depending on the origin of the disease leading to an increase in IAP, there are pri-
mary, secondary, and recurring (previously tertiary) geneses [9].

Neonatal patients and infants tend to develop a primary ACS (from a disease of/
originating from an organ/tissue in the abdominal cavity) that is often associated 
with necrotized enterocolitis, intestinal perforation, or (meconium) ileus as well as 
volvulus [25]. In contrast, older pediatric and adolescent patients tend to develop a 
secondary ACS (due to an extra-abdominal pathology). This is related to their larger 
personal sphere of activity and increasing independence, which exposes them to 
greater traumatic, thermal, as well as inflammatory influences.

Secondary forms are often unexpected in this context and appear in connection 
with the surface activation of immunocompetent cells and to a certain extent in con-
nection with every form of extracorporeal circulation (following a heart-lung 
machine operation, in the context of extracorporeal membrane oxygenation 
(ECMO), dialysis, etc.). Recently several research papers have described a com-
pression of venal ECMO cannulas that is associated with IAH and results in an 
ECMO dysfunction or even ECMO failure, especially in pediatric patients [31–34]. 
As early as 2001, Beck et al. emphasized that—in contrast to those diagnosed in 
adult patients—secondary forms of IAH and ACS are more prevalent in pediatric 
patients [35].

Aside from this etiologically/pathogenetic classification, acuity is used as a basis 
for differentiating among acute, subacute, and chronic processes.

In general, there are four levels of IAH that differ from those in adults in regard 
to the respective pressure levels:

• Grade I: IAP 10 up to 12 mmHg
• Grade II: IAP >12 up to 15 mmHg
• Grade III: IAP >15 up to 18 mmHg
• Grade IV: IAP >18 mmHg [25]

Contrary to still commonly held opinions among active pediatricians, an ACS is 
not the same as an elevated or highly elevated IAH (see WSACS definitions). 
Interestingly, the mortality rate is almost identical in all four levels and—despite 
widespread beliefs—does not increase with the level [22, 23]. One explanation for 
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this is that neonatal and infant patients often become severely ill and die at an IAH 
level of no more than one or two.

As known to animal experts and proven by yet-to-be-published in vivo study data 
taken from children and adolescents, there is an increased distribution of abdominal 
and mesenterial tissue perfusion that results from IAP-related mobilization of 
abdominal pooling reserves (so-called autotransfusion) in IAH grades I and II [21, 
36]. In spite of a cardiac output that tends to increase under optimal intensive care 
treatment management with a sufficient increase in volume and individually adapted 
catecholamine therapy, the microcirculation in the liver, intestines, and kidneys can 
decrease to the benefit of the spleen and pancreas (redistribution of organ perfusion 
with “net winners” (spleen and pancreas) as well as “net losers” (liver, intestines, 
kidneys)) in this phase [21].

Starting at grade III (IAP >15 mmHg), the compromising pressure components 
are predominant, above all in diastolic, venal, and lymphatic flow. This is also in 
regard to spleen and pancreas perfusion. In spite of cardiac output being maintained 
where appropriate, microcirculation in all abdominal organs and tissue falls rapidly 
and massively (also because the abdominal pooling reserves are usually used up due 
to IAH). It is here at the latest that these pathophysiological changes are clinically 
observable via a decrease in spontaneous diuresis [37]. Due to the increasing liberal 
use of loop diuretics in pediatric intensive care medicine, oliguria and anuria are 
barely still detectable early cardinal symptoms of an ACS. This is fatal insofar as—
contrary to the WSACS criteria and definitions—the traditional school of thought 
maintains that an ACS is a clinical diagnosis that can only be determined when there 
is a concurrence of the cardinal symptoms “abdominal distension,” “oliguria/
anuria,” and “cardiorespiratory failure.”

The changes in and redistribution of perfusion mentioned above are barely 
detectable when using traditional intensive care monitoring. This is where somatic 
(= abdominal) near-infrared spectroscopy (NIRS) could gain increased significance 
(Fig. 15.1). In contrast to conventional monitoring, it appears to be able to unmask 
these subclinical changes [38–41]. According to yet-to-be-published research 
results from a collection of 350 critically ill children, somatic tissue saturation 
(NIRS) decreases by about 10% points in cases of IAH (IAP ≥10 mmHg) [21]. If 
there is a new or aggravated organ dysfunction in the sense of a complete ACS, 
middle tissue saturation falls again by further 10% points in comparison to the non- 
IAH control group (composed of critically ill children in intensive care). The alarm-
ing extent of desaturation within parenchymatic tissue detected in this context 
points to the extent of IAH-associated cell and organ damage. This makes it no 
surprise that multi-organ failure, sepsis, and death can occur when therapy is 
delayed.

Similarly, there are promising study results on the use of micro-dialysis cathe-
ters, e.g., in the musculus rectus abdominis. With their help, an IAH-related hypo-
perfusion can be monitored in real time by measuring the increasing lactate 
concentrate associated with the resulting transition into an anaerobic metabolic 
state. Due to the invasiveness of the procedure, micro-dialysis has yet to enter clini-
cal practice in adult medicine [42–45].
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15.1.4  Measurement Methodology and Behavior

The measurement methodology in children does not differ from that in adults and is 
primarily based on the measurement of bladder pressure first described by Kron 
et al. [46, 47] and since then repeatedly modified. This is considered the gold stan-
dard for indirectly measuring IAP in children and adolescents. After one has care-
fully ensured that the bladder is completely empty, 1 mL/kg body weight of saline 
(warmed to body temperature) is inserted into the bladder under sterile conditions. 
It should be neither below 3 mL nor above 25 mL [11].

Semi-continual bladder pressure measurement via an AbViser®-Valve-System [11, 
48, 49] as well as continual measurement of gastric pressure (Spiegelberg®-System, 
Fig. 15.1) [50–52] are establishing themselves as equally if not more valuable alterna-
tives to measuring bladder pressure manually and have been validated for use in the 
field of pediatrics [21]. In addition to continual monitoring, the latter system stands 
out for its especially user-friendly, user-independent, and hygienic advantages.

Fig. 15.1 Image of a 10-month-old infant with advanced hemodynamic monitoring following 
abdominal compartment syndrome with normalization of intra-abdominal pressure after a decom-
pressive laparotomy and transient laparostomy. On the ventilator there is a gastric pressure monitor 
that indirectly measures an intra-abdominal pressure of 8.7 mmHg. On the right side of the screen, 
there is an impedance cardiography monitor for the noninvasive quantification of cardiac output, 
peripheral resistance, stroke volume, and intrathoracic fluid index. Above the head is a near- 
infrared spectroscopy (NIRS) monitor, which measures somatic tissue saturation right and left 
paravertebrally over the spleen-kidney or liver-kidney lodge. NIRS allows an indirect statement to 
be made on the histological restriction of perfusion as a function of intra-abdominal pressure via 
the course observation of tissue oxygenation
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In individual cases ventilator peak pressure is used to estimate IAP transmitted 
thoracically via the diaphragm. It is known from animal studies that around 30% of 
trans-diaphragmal IAP can be further transferred [53, 54]. The method appears to be 
less clinically feasible and is used for few indications (e.g., when “minimal han-
dling” is necessary and/or in cases of injuries, and diseases, to the gastrointestinal 
and urogenital tract).

Measuring femoral vein pressure (FVP), and inferior vena cava pressure (IVCP), 
has proven to be not useful in children. For years this method of measurement was 
considered a reliable monitoring procedure. However, more and more publications 
in the field of adult medicine began to either dispute FVP’s, and IVCP’s, every abil-
ity to be used for the indirect quantification of pressure or only spoke for its at least 
justifiable tendency to estimate real IAP values once IAP has surpassed 18 mmHg 
[55, 56]. The data collected (but not yet published) recently in the framework of our 
work group was able to show that there is no justifiable correlation and that FVP, 
and IVCP, measurement must be rejected as a way of measuring IAP [21].

Direct methods of measurement only have an experimental character and—due 
to their invasive nature—no importance in the daily routine of pediatric clinics. In 
the mid to long term, a direct and continuous measurement system would, however, 
be desirable.

According to the surveillance study mentioned above, routine monitoring of IAP 
is usually part of the daily routine in pediatric clinics, above all in regard to opera-
tive closure of congenital abdominal wall and diaphragmatic hernias; liver failure 
and/or ascites; following parenchymatous organ transplantations; and following 
volume/transfusions as well as laparotomies in connection with polytraumatic 
events and/or larger pediatric abdominal surgical procedures [23].

Standardizing IAP monitoring in cases of specific combinations of risks and/or 
diseases is without a doubt correct and important [9]; however, this has been the 
absolute exception and only occurs in few clinics that generally have academic 
interests.

15.1.5  ACS Defining Organ Dysfunctions

Until the publication of the WSACS definitions in 2013, “new or aggravated” organ 
dysfunction was not necessarily a criterion considered for diagnosing ACS [9]. 
Published by Goldstein et al. in 2005, the criteria (depending on the standard values 
that sometimes vary remarkably among the different age groups within pediatrics) 
of the International Pediatric Sepsis Consensus Conference (IPSCC) consider static 
as well as dynamic criteria for assessing the function of every organ system and 
have proved to be helpful and sensible in standardizing the criteria used to define 
organ dysfunction [57] (Table 15.1):

Using these IPSCC criteria, a scientifically verifiable respiratory dysfunction in 
connection with the diagnosis of an ACS can be found in almost all pediatric patients 
(detectable in more than 90% of affected ACS patients). This dysfunction can be 
explained above all by the IAH-related elevation of the diaphragm with the 
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successive development of dys- and atelectasis in the basal lobes of the lung. The 
second most widely made observation is that of cardiocirculatory impairment, and 
then kidney and liver dysfunction [23].

Neurological impairments are excluded as ACS defining organ dysfunctions, 
because the majority of ACS patients require an intubation and mechanical respira-
tion with the corresponding analgosedation, resulting in the neurological criteria 
generally only being viewed and assessed with reservation. Regardless of this, it is 
debatable whether—depending on the amount of intra-abdominal pressure—this 
pressure is distributed intracranially after spreading to the thorax and whether—
depending on the extent of the resulting stasis—there is also relevant impairment of 
and damage to intracranial structures in the course of the disease [58–63].

In accordance with IPSCC criteria, there are massive changes in the corre-
sponding vital and laboratory parameters in the case of ACS. However, they do not 

Table 15.1 Criteria for organ dysfunction, modified according to [57]

Cardiovascular Despite intravenous application of ≥40 mL/kg isotonic volume in 60 min 
persisting:
•  Hypotension with BP <5th percentile for age or systolic BP <2 SD below 

normal for age
    OR
•  Vasoactive drug therapy to keep BP in normal range (dopamine >5 μg/kg/

min or epinephrine, norepinephrine, or dobutamine at any dose)
    OR
• Two of the following:
  – Arterial lactate >2 times upper limit of normal
  – Prolonged capillary refill >5 s
  – Oliguria: urine output <0.5 mL/kg/h
  – Metabolic acidosis (base deficit >5 mmol/L)
  – Core to peripheral body temperature difference >3 °C

Hematologic •  Thrombocyte count <80,000/mm3 or decline of 50% in thrombocyte count 
from highest value recorded over the past 3 days (for chronic hematology/
oncology patients)

    OR
• International Normalized Ratio >2

Hepatic • Total bilirubin ≥ 4mg/dL (not applicable for newborn)
    OR
• ALT 2 times upper limit of normal age

Renal •  Serum creatinine ≥2 times upper limit of normal for age or twofold rise in 
baseline creatinine

Respiratory •  Oxygenation index <300 in the absence of cyanotic heart disease or 
preexisting lung disease

    OR
• PaCO2 >65 mmHg or increase of >20 mmHg over baseline
    OR
• Proven need or FiO2 >0.5 in order to maintain saturation ≥92%
    OR
Need for nonelective mechanical ventilation (invasive or noninvasive)

Table displays diagnostic criteria for cardiovascular, hematologic, hepatic, renal, and respiratory 
dysfunction according to the International Pediatric Sepsis Consensus Conference
BP blood pressure, ALT alanine aminotransferase
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show any kind of specificity and cannot be interpreted as chemical biomarkers of 
an ACS [23]. Various work groups have been looking for such promising biomark-
ers for years now [64–66], because the transition from a “simple” IAH to ACS 
begins slowly and is usually recognized (too) late—but then with seriously delete-
rious results quoad vitam [64–66]. Just recently it was possible to identify and 
quantify a promising microRNA as well as diverse neuronal guidance proteins 
[21] that are detectable in significantly higher concentrations in patients’ blood 
only after the transition from IAH to ACS [67, 68]. Furthermore, promising bio-
markers include fatty acid-binding proteins [69–71], d-lactate [72], citrulline [73], 
and circulating tight-junction proteins of the enteral mucosa [74]. Considering the 
current state of research, it cannot be said how far these laboratory parameters can 
actually be used as biomarkers in daily clinical practice. Further studies are 
necessary.

15.1.6  Therapy Options and Goals

On average an ACS diagnosis is made too late. A retrospective investigation of adult 
patients found that the average diagnosis occurs with a latency of 18 h [75]. The 
goal of adequate therapy has to be to ensure sufficient perfusion of all tissue and 
organs, and reestablish it as quickly as possible—at the latest when ACS has been 
determined but more preferably once IAH has been recognized. Analogous to the 
surgical maxim with the ileus, the sun should not set and rise between when ACS is 
diagnosed and the therapeutic objective is reached (prose version of the max. 6-h 
ischemia rule). For estimation, determining abdominal perfusion pressure (APP) 
can be useful. Similar to cerebral perfusion pressure, APP  =  MAP −  IAP (with 
MAP: mean arterial pressure; IAP: intra-abdominal pressure) [76, 77] [in the past 
by some authors (synonymous) also referred to as splanchnic perfusion pressure 
(SPP) [78, 79]]. Individual authors describe perfusion pressure instead as the differ-
ence in pressure between diastolic pressure and IAP.  Considered in contrast to 
MAPs—but also considering the damaging components of stasis when diastolic 
pressure is exceeded—this form of calculation has yet to take hold. As long as the 
data available refer more to MAP, the methods first mentioned, and formulas, should 
be applied in an evidence-based way.

The goal of adequate therapy should be for MAP as well as APP to be oriented 
towards the standard blood pressure range that corresponds with the patient’s age 
(see Table 15.2 [80]). An iatrogenic increase in MAP via forced catecholamine ther-
apy with the goal of achieving an age-appropriate normalization of APP is neither 
useful nor sustainable and, thus, obsolete. In the neonatal age, for example, the goal 
MAP level is the number of weeks that have passed since conception (in mmHg). 
Accordingly, a newborn delivered in the 36th week of pregnancy should have an 
average MAP of 36 mmHg. Considering their cardiovascular condition in cases of 
even moderate increases in IAP as well as the impairment of their microcirculation 
due to IAH, a neonatal or infant patient is at a significantly greater risk than an 
almost grown adolescent with age-adapted MAP standard limit of 70 or 80 mmHg. 
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For risk stratification of quantified IAPs, it is necessary to be aware of age- appropriate 
blood pressure values (with ±2 standard deviations [SD], see Table 15.2).

The recommendations published by the WCACS regarding medical, interven-
tional, and emergency surgical therapy options in cases of a relevant IAH or ACS 
are also valid for children [9]. If using a feeding tube and purgative measures in 
addition to creating a negative balance with the help of diuretic therapeutics and 
emergency dialysis procedures is not enough, sufficiently deep analgosedation and 
even relaxation following previous intubation and mechanical ventilation are neces-
sary [9]. Ascites that can be punctured or other effusions should be relieved gener-
ously [81]. Should a decompression be unavoidable due to the IAP dynamic, the 
clinical and above all intraoperative development of IAP should be used to consider 
the necessity of a laparostomy (synonym: open abdomen management, abdomen 
apertum, surgical enlargement of the abdominal wall, etc.). In the framework of the 
surveillance study mentioned above [23], a decompressive laparotomy was per-
formed on 2/3 of the children studied; the abdomen was left open a median of 
7.5 days (mean 9.9 ± 5.5) in 44%. A median of 4.0 (on average 3.2 ± 2.2) operations 
were necessary to reclose the abdomen. In 76% of the cases, open abdomen man-
agement was not associated with any complications. In the remaining cases, infec-
tious septic events were more dominant than wound-healing disorders, adhesions, 
and failure of foreign materials that had been introduced. Enterocutaneous fistulas, 
the most common complication following open abdomen management in adults, 
were not observed in this pediatric study [23].

While a total of 83% of the patients on whom operative decompression was per-
formed survived, 58% of children in whom there was an indication for temporary 
abdominal wall surgery survived. Thus, when a temporary surgical enlargement of 
the abdominal wall was implemented, the probability of pediatric patient survival 
was on average higher than when conservative therapy was administered (survival 
40–60%) [23].

The median length of stay for pediatric intensive care patients with ACS who 
survived was 25.5 days in the ICU (mean 42.9 ± 42.2), and a total of 42.5 days in 
the hospital (mean 59.6 ± 49.5). Patients who did not survive ACS died medianly 
after 12 days (average 25.2 ± 35.5). In 74% of these cases, multi-organ failure that 

Table 15.2 Age-appropriate standard value areas of mean arterial pressure [mmHg]; modified 
according to [80]

Age group limits [in months] Mean arterial pressure (MAP) [mmHg]

Lower limit Upper limit −2 SD Average +2 SD
1 3 40 50 60
>3 6 45 60 75
>6 12 50 70 90
>12 47 50 75 90
>47 83 55 75 95
>83 131 60 75 95
>131 167 65 80 95
>167 216 70 83 95

Abbreviation: SD standard deviation

15 Compartment Syndromes in Children and Adolescents



186

could not be controlled via organ replacement procedures was the cause [23]. In the 
remaining cases, it was incontrollable pulmonal arterial hypertonia, cardiovascular 
failure, bleeding complications due to impaired coagulation, and therapy-resistant 
tumor growth [23].

15.2  Conclusion

Thorough training appears to make it possible to create a sensitization for this topic 
and accelerate the application of adequate, and courageous, therapy options. 
Standard operating procedures with flowcharts on age-appropriate and problem- 
oriented diagnosis as well as therapy should increase the willingness to also act 
invasively and choose heretofore unpopular methods and options that can massively 
influence and ensure survival in pediatric patients. Initial outcome data are motivat-
ing and suggest that invasive therapy possibilities can be beneficial to survival in 
cases of abdominal compartment syndrome.

Only this seems to be the way to reduce morbidity and mortality in the mid to 
long term among the smallest patients.
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How to Handle Compartment Syndrome 
in Resource-Limited Settings

Alain Chichom Mefire

16.1  Introduction

Compartment syndrome is the dysfunction of organs or tissues within a closed body 
part usually limited by fascia with little or no possibility of expansion. Following 
various mechanisms including but not limited to injury, the pressure within a body 
compartment increases and hinders appropriate blood supply to tissues within the 
compartment, thus compromising their survival. This phenomenon could be pri-
mary when the etiology of the increased pressure is internal to the compartment or 
secondary when increased pressure results from external compression. It could be 
acute or chronic and frequently affects limbs, abdomen, thorax, or even the cranium. 
A recently described form of this syndrome is referred to as the “multiple compart-
ment syndrome” and often results from massive fluid resuscitation [1]. There also 
seems to be a strong relation between increased pressure in different body compart-
ments: a raised abdominal pressure could result in raised intrathoracic and intracra-
nial pressure [2].

Literature on compartment syndrome in low- and middle-income countries is 
extremely scarce [3, 4]. Consequently, it is a special challenge in these countries 
because of the low awareness of workers which makes it often pass unnoticed. The 
consequences of missing it could be dramatic as it is a frequent source of major 
complications such as limb amputations, major ventilation problems, permanent 
irreversible damage to intra-compartmental organs, and sometimes death depending 
on the location. The care of patients at risk of compartment syndrome is based on 
various strategies of reducing pressure within the body part involved. The major 
difficulty in countries with limited technical background is the extreme scarcity of 
intra-compartmental pressure measuring devices and probes as many gold standard 
treatment protocols depend on these measurements. There is a need to propose a 
specific approach to be used in the absence of such devices and equipment to assist 
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health workers practicing under such conditions in reducing the burden and conse-
quences of this situation.

We deliberately choose to limit our analysis to acute compartment syndrome 
(ACS) of two key body regions (extremities and abdomen) because they are usually 
immediately life or limb-threatening and seem to be the most frequently encountered.

16.2  Acute Compartment Syndrome of the Limb

16.2.1  Think About It!

What is likely to happen if a compartment syndrome, say the leg, is unrecognized or 
identified late? In a systematic review recently proposed by Glass et al., it was dem-
onstrated that delayed compartment decompression (6–120 h) resulted in an overall 
amputation rate of over 37%! Two patients even died and most surviving limbs 
exhibited functional deficits such as foot drop or sepsis [5]. These are unacceptable 
outcomes often observed in sub-Saharan African countries for a problem that can be 
solved with a simple fasciotomy.

The difficulty in settings with limited technical background and more specifi-
cally in the absence of pressure measuring devices is to design a protocol permitting 
to reduce the risk of such morbid and deadly delay while avoiding excessive aggres-
sive action and unnecessary surgical decompression which is associated with a spe-
cific morbidity as well. This is true for both the upper and the lower limbs.

16.2.2  Who Is a Suspect?

The first step is to be well aware of clinical situations considered as the highest 
providers of limb compartment syndrome. Every patient with a tibial fracture 
(closed or open), blunt soft tissue injury, circumferential burn or dressings, a cast 
immobilization, traction, or snake bite is a possible candidate for limb compartment 
syndrome and must be monitored clinically until he is considered out of danger 
[6–8]. The initial belief that in open fractures, the associated disruption of skin and 
fascia decompresses compartments and prevents compartment syndrome seems 
logical but is not supported by any evidence [8]. Particular attention must be paid to 
tibial fractures as they are the most frequent providers accounting for more than 
one-third of all cases of compartment syndrome [8]. It is also suspected (but not 
clearly established) that younger patients are at a higher risk [8]. Patients with 
comorbidities such as diabetes, hypothyroidism (a frequent and often unrecognized 
situation in the tropics), and the increasing number of patients under anticoagula-
tion therapy also deserve special monitoring. These comorbidities often occur in 
combination: the young diabetic patient under anticoagulant therapy with a tibial 
fracture is the ideal candidate for leg ACS!

It is important to remember that in lower limb injuries, a fracture is not necessary 
before ACS occurs. Any injury to soft tissue (especially closed crush injuries) is 
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enough to create the conditions for increased compartment pressure! This is particu-
larly true for the legs, thighs, and gluteal regions [6].

Finally, there is absolute need to suppress the dogma according to which com-
partment syndrome does not affect the upper limb! Numbers of practitioners in 
limited settings have surely seen a patient with iatrogenic ulnar claw following a 
simple cast immobilization of the forearm.

16.2.3  How to Identify Compartment Syndrome in the Absence 
of Pressure Measuring Devices?

One thing must be said very clearly: the gold standard for diagnosis of compartment 
syndrome of the limb is the measurement of intra-compartmental pressure! In the 
absence of pressure measuring devices and equipment, the only way to reduce the 
consequences of compartment syndrome of the limb is to be able to recognize it 
early and define new criteria for decision-making, bearing in mind the increased 
risk of taking unnecessary action and performing fasciotomy that is not needed.

But despite its shortcomings, clinical assessment is still the cornerstone of the 
diagnosis of compartment syndrome of the limb [8–10]. It is known that it can pres-
ent with a variety of findings, including pain, paresthesia, tenderness with passive 
stretch, tenseness or firmness of the compartment, focal motor or sensory deficits, 
or decreased pulse or capillary refill time. Pain is typically the earliest finding in 
patients with ACS.  It is usually described as severe and out of proportion to the 
injury, increasing in intensity, and resistant to analgesics [8]. This progression of the 
characteristics of the pain can only be identified through repeated clinical assess-
ment. The presence of nerve symptoms such as paresthesia and tingling should be 
considered the beginning of a countdown as irreversible damage could occur as 
early as 12 h following the unset with its dramatic and often definitive consequences. 
The presence of blisters is often a sign of such irreversible damage.

16.2.4  When to Decide to Perform a Fasciotomy?

Two schools of taught currently oppose the partners of aggressive surgical treat-
ment and those who advocate for continuous monitoring of compartmental pres-
sure to guide decision-making whenever possible. The contribution of fasciotomy 
in the reduction of the consequences of ACS of the limb has been proven beyond 
doubt [11]. But fasciotomy itself carries a number of short- and long-term risks, 
especially in settings with limited technical background where surgical safety is 
still a concern.

In the absence of pressure measuring devices, the decision should in our opinion 
be guided by the following principle: in the absence of decompression of the limb 
in a patient with ACS of the limb, there is a danger of permanent disability and even 
death! Consequently, fasciotomy to reduce pressure and restore perfusion must be 
considered with no delay upon strong clinical suspicion: the patient with increasing 
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pain out of proportion to the injury combined with tenderness on passive stretch 
and/or sensory/motor deficit [12].

The absence of pulse is not a major diagnostic criterion of ACS of the limb as it 
has been demonstrated that pulse can be preserved even when a high-pressure ACS 
is diagnosed [8]. Fasciotomy could thus be decided in a limb with preserved pulse 
in the presence of other strong clinical arguments.

Initially, one should start by considering simple methods such as reduction of 
pressure by removing constricting dressings and casts and this sometimes suffices. 
Fighting hypotension and optimizing tissue perfusion by all possible means are also 
sometimes useful and surgical decompression should only be considered after all 
these measures have failed [13].

16.3  Acute Abdominal Compartment Syndrome (AACS)

16.3.1  What Is It and Why Is It a Problem?

Abdominal compartment syndrome has been defined as a continuous intra- abdominal 
pressure above 20 mmHg (2.67 kPa) with coexisting organ dysfunction or failure.

Abdominal compartment syndrome (ACS) is the end point of a process whereby 
massive interstitial swelling in the abdomen or rapid development of a space-filling 
lesion in the abdomen (such as ascites or a hematoma) leads to pathologically 
increased pressure. This results in so-called intra-abdominal hypertension (IAH), 
causing decreased perfusion of the kidneys and abdominal viscera and possible dif-
ficulties with ventilation and maintenance of cardiac output. These effects contrib-
ute to a cascade of ischemia and multiple organ dysfunctions with high mortality 
[14]. This makes IAH and ACS of the abdomen a frequent and potentially deadly 
condition. The mortality of patients with recognized abdominal compartment syn-
drome may be as high as 42–100% [15, 16].

IAH is a largely underestimated problem with a high prevalence [17]. The two 
main providers are known to be abdominal injuries and emergency laparotomy [18, 
19]. Its occurrence could be as high as 80% after emergency laparotomy for what-
ever indication [20]. The problem seems to be of less importance after elective lapa-
rotomy [21]. Other providers of IAH/AACS include abdominal circumferential 
burns and aggressive fluid resuscitation [4]. The typical patient in our settings would 
be the one with a diffuse purulent peritonitis secondary to a peptic ulcer perforation 
that undergoes massive fluid resuscitation before and after emergency laparotomy.

Luckily IAH does not always result in abdominal ACS and it is estimated that 
only 10% of patients with IAH will develop ACS [22]. But there is a specific mor-
bidity related to increased abdominal pressure itself after laparotomy: it was sug-
gested that IAH has a direct influence on suture tension in midline laparotomy 
wounds in porcine model [23].

Primary AACS is a known complication of damage control surgery. Recently 
secondary ACS has been reported in patients without abdominal injury who require 
aggressive resuscitation.
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Consequently, while the diagnosis of AACS is still based on measurement and 
protocolized monitoring of intra-abdominal pressure [24] and sometimes on indi-
rect radiological means [25], in the absence of pressure measuring devices, every 
patient undergoing damage control laparotomy for trauma and non-trauma causes 
must be considered an AACS patient and managed accordingly!

16.3.2  How to Go About It?

Hecker et al. categorized therapeutic measures in IAH/AACS if five columns: intra-
luminal evacuation, intraabdominal evacuation, improvement of abdominal wall 
compliance, fluid management, and improved organ perfusion. The general rule is 
that emergency decompressive laparotomy should be considered when all conserva-
tive measures fail to restore basic vital signs suggestive of reducing pressure [26]. 
Such conservative measures would include sedation and analgesia, neuromuscular 
blocking, prokinetic agents to encourage natural transit, gastric and enteral decom-
pression tube placement, reduction of fluid administration to what is necessary after 
careful estimation, percutaneous drainage, and so forth [26]. These simple, cheap 
measures have proven to significantly improve patient survival [27].

However, surgeons working in low- and middle-income countries should never 
hesitate to take back the patient for a re-laparotomy within 24 h of the onset of the 
AACS as it has proven to be protective against mortality [28].

16.4  Other Compartment Syndromes

As mentioned earlier, it must be remembered that other body compartments are also 
prone to developing ACS. These include the thorax and the cranium.

Thoracic compartment syndrome (TCS) could be responsible for a major respi-
ratory distress and has been reported predominantly in the pediatric and adult car-
diac surgery populations, where this phenomenon has been described as a syndrome 
of “mediastinal tightness” following prolonged cardiac surgery. However, it could 
be exceptionally observed in thoracic injury cases especially when mediastinal 
organs are involved [29]. Circumferential thoracic burns could also result in such 
distressing situations. The management would depend on the specific situations.

Intracranial ACS if often the result of head injury, stroke, or brain tumors. Raised 
intracranial pressure (ICP) due to brain swelling within the closed compartment of the 
skull leads to death or severe neurological disability if not effectively treated. This 
sometimes warrants a decompressive craniectomy (part of the skull is removed and 
the underlying dura opened to reduce brain swelling-related raised ICP) which is neu-
rosurgical intervention with complex and often controversial indications best decided 
and performed by the neurosurgeon [30, 31]. In such cases, the management in remote 
areas should be limited to supportive measures intended to provide support until the 
patient is referred to appropriate settings, except for life- threatening situations such as 
an acute epidural hematoma. It was recently suggested that a laparotomy could be 
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effective in ensuring intracranial decompression [32, 33] but such decision should be 
taken with a lot of caution in the absence of a neurosurgeon.

16.5  Conclusions

Low-income countries in general and African countries in particular are character-
ized by the scarcity of pressure-measuring devices and equipment for various ana-
tomical areas which are prone to developing compartment syndrome. This is 
explained by the extremely low level of awareness of the problem of compartment 
syndrome and explain the difficulties in documenting them, hence the extreme scar-
city of literature on the problem. While encouraging decision makers on the need to 
provide for appropriate devices, the challenge is to be able to identify cases and 
make decisions purely on a clinical background. The management ACS in its vari-
ous forms still has to rely very largely on preventive measures and early identifica-
tion of cases for aggressive intervention or referral.

The burden of ACS of the limbs can only be reduced by a high suspicion index 
and repeated clinical assessment with particular attention to the patient whose pain 
is increasing and is out of proportion to the injury or tissue damage. In such patients, 
in the absence of pressure-measuring devices, the decision of performing a fasciot-
omy could reasonably be taken solely on strong clinical arguments.

Every patient undergoing emergency laparotomy must be considered to have 
IAH/AACS and treated accordingly. This means that the five principles of abdomi-
nal decompression must be systematically applied and decompressive laparotomy 
considered as a live-saving procedure.
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17.1  Abdominal Compartment Syndrome

17.1.1  History and Definition

In the 1800s there began to emerge an understanding that elevated intra-abdominal 
pressure caused physiologic changes in several organ systems. Both Marey in 1863 
and Paul Bert in 1870 demonstrated respiratory changes with rising intra-abdominal 
pressure. In 1890, Haase showed that intra-abdominal pressure increased with 
inspiratory effort. In 1890 also, Heinricius published that in cats and guinea pigs, 
intra-abdominal pressures of 27–46 cm of water caused death by interference of 
respiration [1].

By 1911, Emerson noted that elevated intra-abdominal pressure would “fatigue 
the diaphragm.” Elevated intra-abdominal pressures would also cause “venous stag-
nation in the abdominal viscera” and thus diminish right-heart venous return. This 
resulted in “diminished [cardiac] output and fall in arterial pressure” [2].

In the modern era, Kron published in 1983 a series of postoperative patients that 
developed increased intra-abdominal pressure as well as new-onset renal failure. 
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The patients’ renal failure resolved with re-laparotomy and abdominal decompres-
sion [3].

We now recognize that abnormal abdominal pressures exist along a continuum, 
with maladaptive changes occurring at certain lower pressures and more severe 
ramifications at higher pressures. While pressures at which maladaptive changes 
can occur may vary from patient to patient, more significant than a single pressure 
value is the recognition of critical organ failure. Thus, with an improved under-
standing of intra-abdominal pressure, and standardization to measurements in 
mmHg instead of cm H2O, the World Society of the Abdominal Compartment 
Syndrome (WSACS) has standardized the classification of intra-abdominal hyper-
tension into [4]:

Grade I: IAP 12–15 mmHg
Grade II: IAP 16–20 mmHg
Grade III: IAP 21–25 mmHg
Grade IV: IAP >25 mmHg

Abdominal compartment syndrome itself is now defined as bladder-pressure 
measurements higher than 20 mmHg with new-organ failure.

17.1.2  Etiology and Pathophysiology

While elevated intra-abdominal pressure can have significant clinical repercussions, 
there were many direct causes that were quickly recognized to contribute to the 
phenomenon. Direct intra-abdominal pathologies include intraperitoneal causes, 
such as trauma, hemorrhage, and retained lap pads from intra-abdominal packing. 
Nontraumatic causes include malignancy, pancreatitis, ascites, ileus, bowel obstruc-
tion, and ruptured abdominal aortic aneurysm. It was quickly recognized that rap-
idly increasing space-occupying lesions within the abdomen can contribute to 
elevated intra-abdominal pressure.

It was recognized later that resuscitation can induce a “secondary abdominal 
compartment syndrome.” In 1994, Greenhalgh and Warden published a series 
involving 30 children with burns [5]. Defining elevated intra-abdominal pressure as 
more than 30 mmHg, five patients had elevated intra-abdominal pressure during 
acute resuscitation, two of which required escharotomies. Seven patients developed 
elevated intra-abdominal pressures from sepsis, one of which required a laparotomy 
and another required decompression with an intra-abdominal catheter. In 1995, 
Burrows reported a trauma case in which intra-abdominal compartment syndrome 
resulted from management of an isolated extremity injury [6]. Fabian et al., in 1999, 
published the first large series of secondary compartment syndrome, finding that 
while 46 of 1216 ICU admissions required laparotomy for compartment syndrome, 
6 of their patients had no intra-abdominal injuries [7]. Resuscitation in these six 
patients prior to decompressive laparotomy averaged 19 L of crystalloid and 29 units 
of packed red blood cells. They concluded that abdominal compartment syndrome 

A. Nguyen et al.



201

could occur without intra-abdominal injury. The World Society on Abdominal 
Compartment Syndrome recognized Secondary ACS in 2006 as abdominal com-
partment syndrome arising from conditions that do not originate in the abdomino-
pelvic region [8]. Primary ACS, in contrast, was associated with injury or disease in 
the abdominopelvic region. They also recognized recurrent ACS as arising after 
previous surgical or medical treatment of primary or secondary abdominal compart-
ment syndrome.

17.1.2.1  Cardiac Effects
The effect of intra-abdominal hypertension on cardiac function is multifactorial. 
Classically, it is accepted that increased abdominal pressure augments pressure on 
the inferior vena cava and reduces venous return to the heart; thus, cardiac output 
drops as predicted by the Starling curve dynamics. However, studies in patients as 
well as in an animal model have shown that as intra-abdominal pressure rises, cen-
tral venous and wedge pressures rise [9, 10]. During this time, there is a decline in 
cardiac output paired with a rise in systemic vascular resistance. This suggests that 
many of the cardiac derangements and hemodynamic secondary to abdominal 
hypertension be more related to increased afterload. While decompressive laparot-
omy improves overall hemodynamics in patients with compartment syndrome, 
there are reports of hypotension in the immediate post-laparotomy period due to a 
rapid fall in systemic vascular resistance [11].

17.1.2.2  Renal Effects
As intra-abdominal hypertension progresses, there is decreased urine output and 
elevation in serum creatinine. Oliguria can be seen at intrabdominal pressures as 
low as 15  mmHg, while anuria can be seen at pressures of 30  mmHg. Timely 
decompressive laparotomy often results in rapid improvement in renal function. 
Several hypotheses have been proposed regarding the underlying pathophysiology 
for renal failure in this setting. One theory is that direct compression of the kidney 
causes a decrease in perfusion pressure and glomerular filtration rate. This was pro-
posed in a 1982 study in dogs; intraperitoneal bags were inflated causing a decrease 
in cardiac output, renal blood flow, and glomerular filtration rate (GFR). Resuscitation 
improved cardiac output, but renal blood flow and GFR remained low, suggesting 
that the changes at the level of the kidney were not due to cardiac dysfunction [12]. 
This concept was challenged by another study showing that direct external renal 
compression did not affect GFR or renal artery blood flow [13]. Currently, the most 
commonly suspected mechanism is that compression of the renal vein reduces renal 
blood flow and induces renal failure. A study in a pig model showed that increasing 
pressure on the renal vein produced the expected decrease in GFR and renal arterial 
blood flow [14].

17.1.2.3  Pulmonary Effects
Elevated intra-abdominal pressure places resistance on the diaphragm and results in 
decreased pulmonary compliance. Elevated peak and plateau pressures are seen in 
patients undergoing volume-cycled mechanical ventilation. Patients undergoing 
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pressure control ventilation will exhibit decreased tidal volumes. With continued 
resistance from intra-abdominal pressure, hypercarbia and respiratory acidosis 
occur. While oxygenation may be better preserved than carbon dioxide exchange, 
many critically ill patients can also develop worsening hypoxia. Timely decompres-
sive laparotomy results in improvement in lung mechanics, while extended expo-
sure to barotrauma can result in acute respiratory distress syndrome.

17.1.3  Diagnosis

Early investigations into intra-abdominal pressure were confounded by different 
methods of obtaining an accurate pressure reading. Strictly speaking, true intraperi-
toneal pressure measurements would utilize intraperitoneal catheters, and such 
approaches were used by Winkler and Quirin [15]. While surrogate measures for 
intraperitoneal pressures include stomach, rectum, or IVC pressure, bladder pres-
sure measurement has emerged as an effective, simple, and accurate way of indi-
rectly measuring intra-abdominal pressure. This current methodology centers 
around the procedure described by Kron in 1983 [3]. After Foley catheter placement 
and drainage of the bladder, 50–100 mL of saline is instilled. A pressure monitor is 
then connected to the Foley catheter. Bladder pressure measurement has been vali-
dated in an animal study with a rabbit model, with intra-abdominal pressure modu-
lated by a specifically placed intraperitoneal balloon. There was good correlation 
between intra-abdominal pressure and bladder pressure (correlation factor >+0.855 
and p < 0.001) [16]. Later studies have demonstrated that over-instilling the bladder 
may produce inaccurate pressure values [17]. Current guidelines recommend instill-
ing no more than 25 mL of saline in the bladder. In an effort to standardize measure-
ments of bladder pressure, the World Society for Abdominal Compartment 
Syndrome (WSACS) also recommends expressing intra-abdominal pressure in 
mmHg, measuring at the end of expiration with the patient in the supine position, 
and zeroing the transducer to the level of the midaxillary line [4].

17.1.4  Current Treatment Recommendations

The World Society for Abdominal Compartment Syndrome recommends several 
maneuvers to treat intra-abdominal hypertension. Evacuation of intraluminal con-
tents can be done with nasogastric tubes and rectal tubes. Patients with colonic 
pseudoobstruction can be considered for neostigmine. Patients with ascites as the 
main driver for their intra-abdominal hypertension can have drainage of their peri-
toneal fluid to reduce abdominal pressure. Abdominal wall compliance can poten-
tially be improved with adequate sedation and analgesia, and if needed neuromuscular 
blockade. Optimal fluid balance should be achieved to minimize volume over-
loading [4].

Patients progressing to abdominal compartment syndrome, however, should be 
strongly considered for decompressive laparotomy, which remains the mainstay of 
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treatment for patients that develop abdominal compartment syndrome. Kron’s 1983 
seminal paper noted that all patients that underwent decompressive laparotomy had 
improvement in renal function. The four patients managed without surgery all con-
tinued in renal failure and ultimately died. Patients undergoing laparotomy for 
abdominal compartment syndrome invariably have improvement in their hemody-
namic status and intra-abdominal pressure [3]. Promptness of decompression 
remains critical. In Fabian’s 1999 series, it was noted that time to laparotomy was 
3 h in survivors and 25 h in non-survivors. Thus, urgent decompressive laparotomy 
for abdominal compartment syndrome remains the rule with few exceptions [7].

17.1.5  Outcomes

Before a consensus approach was developed in 2006, the epidemiology of abdomi-
nal compartment syndrome was complicated by variable definitions of ACS. Despite 
a unifying clinical definition, ACS is a heterogenous inciting event, though most 
studies evaluating the incidence of ACS involve trauma patients. Furthermore, it 
appears that with changing philosophies and patterns in resuscitation, the incidence 
of ACS may be decreasing [18]. The prevalence of abdominal compartment syn-
drome in at-risk patients has ranged from 1 to 14%, with the incidence appearing to 
be lower in more recent studies [19–22]. It is now clear that when left untreated, 
abdominal compartment syndrome leads to tissue hypoperfusion, multisystem 
organ failure, and mortality. While intra-abdominal hypertension alone does not 
correlate with multiorgan failure, patients that progress to abdominal compartment 
syndrome can have mortality rates of 36% or more [23, 24]. Malbrain’s 2004 mul-
ticenter trial showed that non-survivors had higher intrabdominal pressure, were 
older, and had worse APACHE 2 score [19]. Liver dysfunction and surgical disease 
process (as opposed to medical admissions) were more likely to be associated with 
mortality.

Surgical decompression of abdominal compartment syndrome is almost always 
effective, with improvement in hemodynamics, renal function, and pulmonary pres-
sures. However, surgical decompression also carries a separate metabolic burden 
[25, 26] as well as reperfusion injury [27].

While many patients overcome these challenges, a recurring clinical goal is suc-
cessful closure of the abdominal wound. Failure rates to close the abdomen can 
range from 20 to 78%, and many can develop severe morbidities [28–30]. One 
recent study showed that 24% of open-abdomen patients had one or more of a vari-
ety of complications, ranging from infection, recurrent abdominal compartment 
syndrome, entero-atmospheric fistula, and hernia [23]. In another multicenter trial 
from 2011, fistula formation was found in 7% of open-abdomen patients [31].

A concerted effort to close the abdomen as rapidly as possible reduces complica-
tions and mortality. In 2010, Cheatham described the change in approach within a 
single institution regarding the open abdomen [24]. Over the time period of the 
study, the center saw the adoption of WSACS guidelines and definitions for abdom-
inal compartment syndrome, as well as a reduction in the threshold for laparotomy 
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in accordance with WSACS guidelines. Finding many patients with open abdo-
mens, the institution developed a management algorithm with a focused effort to 
close the abdomen as early as possible. While severity of illness remained unchanged 
over the 6-year period, patient survival to hospital discharge increased from 50 to 
72% (p = 0.015). There was also an improvement in primary fascial closure from 59 
to 81%, and improvements in resource utilization. Chen’s meta-analysis from 2014 
confirmed that early fascial closure (defined as within 2–3  weeks) resulted in a 
reduction in mortality (12.3% vs. 24.8%, p  <  0.0001) as well as complications 
(RR = 0.68, p < 0.0001) [32].

Early methods of temporary abdominal closure include sterilized intravenous 
fluid bags, PTFE sheets, Bogota bags, and gauze dressings [33]. All of these meth-
ods can be potentially augmented with negative dynamic retention sutures or Velcro- 
assisted closure (“artificial burr” or “Wittmann patch”).

Since then, negative pressure wound therapy has arisen as a common method of 
managing the open abdomen. Barker in 2000 published a series of 112 trauma 
patients with open abdomens; the temporary closure method used a perforated poly-
ethylene sheet as a barrier against the viscera, which was then covered in a moist 
towel and suction tubing, and finally covered by an iodophor-impregnated adhesive 
polyethylene sheet [34]. 55.4% of patients had primary closure, while 22.3% had a 
repair with absorbable mesh. Complication rates included 19.6% who died before 
abdominal closure was performed, 4.5% with enterocutaneous fistula, and 4.5% 
with intra-abdominal abscess formation. While the Barker wound closure or a mod-
ification of this method is utilized in many centers, now purpose-built commercial 
wound vacs such as the ABThera are widely available.

There have been many studies seeking to elucidate the best method of temporary 
abdominal closure. The data, however, are heterogenous. A 2008 meta-analysis sug-
gested that high fascial closure rates were found with Velcro closure (90%), dynamic 
retention sutures (85%), and wound vac (60%) [35]. A 2012 meta-analysis sug-
gested that the highest fascial closure rate was found with Velcro closure (78%), 
dynamic retention sutures (71%), and wound vac methods (61%) [36]. Another 
2012 meta-analysis with differing methodology suggested that the use of sequential 
fascial closure to the abdominal wound vac had a higher fascial closure rate [37]. 
The most recent systematic review published in 2016 compared negative pressure 
therapy vs. standard temporary closure. There was no difference in fascial closure 
(63.5% vs. 69.5%, p  =  0.57) and enterocutaneous fistula rate (2.1% vs. 5.8%, 
p = 0.57). However, the negative pressure wound therapy group did have reduced 
mortality (28.5% vs. 41.4$, p = 0.03) and decreased ICU length of stay [38].

Another technique to augment abdominal negative pressure therapy is direct 
peritoneal resuscitation (DPR). DPR techniques instill peritoneal dialysate solu-
tions into the abdomen while a negative pressure dressing evacuates excess fluid. 
Animal studies demonstrated improved visceral blood flow even while visceral 
edema was reduced [39]. In 2010, Smith et al. published a series of open-abdomen 
trauma patients, with 20 patients utilizing DPR against 40 control patients (control 
patients did not have a standardized abdominal wound management technique) 
[40]. Time to definitive abdominal closure was improved with the DPR group (DPR 
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4.35 ± 1.6 days versus control 7.05 ± 3.31; p = 0.003). The DPR group also had a 
high rate of primary fascial closure and decreased 6-month ventral hernia rate. 
While abdominal closure method was not standardized within the control group, 
subgroup analysis comparing DPR against controls utilizing a Velcro closure tech-
nique confirmed decreased time to definitive closure (DPR 4.4 ± 1.7 days versus 
Velcro 6.4 ± 1.3, p = 0.003). While DPR shows promise in improving fascial closure 
rates and decreasing complications associated with the open abdomen, further pro-
spective studies are needed.

Complications surrounding the open abdomen in abdominal compartment syndrome
  Infection (12%)
  Recurrent abdominal compartment syndrome (6%)
  Bleeding (6%)
  Entero-atmospheric fistula (3%)
  Hernia (15%)
  Mortality (36%)
Efforts to mitigate complications may include
  Protocolized effort to close the abdomen as rapidly as possible
  Use of negative pressure wound therapy
  Velcro closure
  Dynamic retention sutures
  Direct peritoneal resuscitation

Complications adapted from De Waele JJ, Kimball E, Malbrain M, Nesbitt I, Cohen J, Kaloiani V, 
Ivatury R, Mone M, Debergh D, Björck M. Decompressive laparotomy for abdominal compart-
ment syndrome. Br J Surg. 2016 May;103 (6):709–715. doi: https://doi.org/10.1002/bjs.10097

17.2  Muscle Compartment Syndrome

17.2.1  Pathophysiology and Diagnosis

Compartment syndrome occurs when swelling within a muscle compartment causes 
tissue ischemia. While commonly associated with bony injury or reperfusion injury 
after prolonged ischemia, there are a variety of other causes including crush inju-
ries, burns, and electrocution. Many patients present with the syndrome in the lower 
leg, and in one series this was most associated with the lower leg [41]. However, 
virtually any muscular compartment of the body can be at risk, including the hands, 
forearm, upper arm, buttocks, and thighs.

Elevation in compartment pressures exceeds capillary filling pressure, resulting 
in muscle ischemia. While local muscle ischemia can carry immediate morbid com-
plications, systemic illness can result from compartment syndrome. This includes 
rhabdomyolysis and renal failure. Renal failure in the critically ill patient is a sig-
nificant marker for mortality and other complications.

Classically, the diagnosis of compartment syndrome is clinical. The historical six 
Ps of compartment syndrome are pain, pallor, pulselessness, paresthesia, paralysis, 
and poikilothermia [42]. While pain out of proportion is an early sign, and paresthe-
sia can result from nerve compression as compartment edema increases, waiting for 
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all the signs to develop can result in irreversible muscle injury and systemic organ 
failure. Indeed, irreversible muscle ischemia is thought to occur 8 h after loss of 
perfusion [43].

While there is no consensus for a diagnostic algorithm for muscle compartment 
syndrome, clinical suspicion based on history and physical exam findings is usually 
used. To confirm clinical suspicion in borderline cases, compartment pressure mea-
surements can be used. Most typically, a needle connected to a pressure transducer 
is used, with many considering a compartment pressure between 30 and 50 mmHg 
as critically high. Others advocate the use of compartment perfusion pressure 
(MAP—compartment pressure), with a delta-P of less than 30 mmHg thought to be 
concerning [42]. An adjunct under consideration to improve the rapid diagnosis of 
extremity compartment syndrome is near-infrared spectroscopy, which measures 
tissue oxygenation up to 3 cm deep from the skin [44]. Another option is measuring 
intramuscular glucose concentration, which diminishes as compartment syndrome 
develops [45]. The role of these adjuncts in the diagnosis of compartment syndrome, 
however, remains unclear.

17.2.2  Treatment

Treatment of compartment syndrome centers on fasciotomy, the surgical release of 
the affected muscle compartments. Timing is critical, as worsening time markers 
allow for increased muscle death and systemic complications.

In patients with rhabdomyolysis, medical therapy includes aggressive hydration 
to promote renal perfusion and to dilute myoglobin levels, prevention of myoglobin 
deposition in the renal tubule via alkalization of the urine, and intravenous mannitol 
for renal vasodilatation and free radical scavenging.

In the past, fluid resuscitation as high as 1.5 L NaCl 0.9% per hour has been 
advocated [46]. More recently, to prevent complications of overload such as abdom-
inal compartment syndrome or respiratory failure, more modest goals often accepted 
are 3–6 L in the first 24 h with additional volume dependent on hemodynamic and 
urinary output parameters [46].

Mannitol is thought to protect against rhabdomyolysis by its free radical scav-
enging action and may also prevent renal failure by increasing the volume passing 
through the renal tubule [47]. Another adjunct is bicarbonate. Intravenous bicarbon-
ate results in alkalization of the urine, a goal derived from laboratory data showing 
that only 4% of myoglobin aggregates at urine pH above 6.5.

17.2.3  Outcomes

Due to the time-critical nature of fasciotomy, one focus on improving out-
comes is the rapid identification and rapid surgical decompression of affected 
muscle compartments. Diagnosis of compartment syndrome still hinges on 
clinical suspicion; measurement of spot compartment pressures can be used to 
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confirm clinical suspicion, but there is little data to support that it changes 
outcomes. Indeed, compartment pressures can have false negatives, or an incor-
rect compartment checked, giving a false sense of clinical stability. Adjuncts to 
diagnosis, including intramuscular glucose and near-infrared spectroscopy, 
remain unproven [48].

What is clear, however, is that there are numerous studies confirming that early 
fasciotomy is effective. In 1984, Rorabeck noted that if fasciotomies were done 
within 24 h, a good result was “almost always achieved” [49]. In 1976, Sheridan 
noted that in patients undergoing fasciotomy within 12 h, 68% had normal function 
compared to only 8% of those undergoing late fasciotomy [50].

More recent data still emphasizes the need for early fasciotomy. Hope noted 
in 2004 that in patients without fracture, the suspicion for compartment syn-
drome can be lower and the diagnosis can be delayed. In the setting of patients 
without fracture, there was greater delay and 20% of these patients had muscle 
necrosis requiring debridement. In comparison, in patients with a fracture, only 
8% needed debridement [51]. In the military population, where medical evacu-
ation can delay fasciotomy, significant morbidities were noted. In 2008, Ritenour 
noted that soldiers that underwent fasciotomy after medical evacuation (vs. fas-
ciotomy in the combat theatre) had more instances of muscle debridement (25% 
vs. 11%), higher rates of amputation (31% vs. 15%), and elevated mortality 
(19% vs. 5%) than patients who had fasciotomies in the combat theatre 
(p < 0.01) [52].

While it is thought to be better to perform an unnecessary fasciotomy than a late 
fasciotomy, surgical decompression still carries its own risks such as chronic 
wounds, delayed healing, need for skin graft, pain, nerve injury, and muscle weak-
ness [48]. Dermatotraction techniques such as the “Jacob’s ladder” have been dem-
onstrated to assist with wound closure and reduce need for skin grafting [53].

For patients with rhabdomyolysis, modulating outcomes with medical therapy 
remains unclear. While mannitol is commonly used by many clinicians for rhabdo-
myolysis in the setting of compartment syndrome, there are no randomized trials 
involving the use of mannitol. Similarly, the use of intravenous bicarbonate is con-
troversial. In the largest study to date of compartment syndrome in trauma patients, 
bicarbonate and mannitol together was compared with patients who did not receive 
combination therapy. The combination did not prevent renal failure or dialysis or 
reduce mortality [54].

17.2.3.1  Hand
One of the main complications for hand compartment syndrome is the development 
of hand contracture as ischemic muscle becomes necrotic and eventually fibrotic. 
There is currently scarce literature regarding functional outcomes in these patients. 
In a retrospective review by Oulette in 1996, 4 of 19 patients were noted to have 
poor hand function. Time from diagnosis to treatment for these patients was more 
than 6 h. Two patients eventually required an amputation. Thirteen had normal func-
tion, but some required further surgery to facilitate wound healing and ameliorate 
nerve compression [55].
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17.2.3.2  Forearm and Upper Arm
Forearm compartment syndrome requires a high clinical suspicion. Kalyani’s sys-
tematic review from 2011 showed a 42% complication rate. Neurologic deficit was 
the most common complication (20.9%). Other complications were contracture 
(9.3%), crush syndrome (4.7%), gangrene (2.3%), Volkmann’s ischemic contracture 
(2.3%), and Sudeck’s algodystrophy (2.3%) [56]. Outcomes data is less forthcom-
ing in upper arm compartment syndrome due to its exceeding rarity, but the princi-
ples of timely fasciotomy remain. A series by Duckworth in 2012 showed that 
patients with forearm fasciotomies delayed by more than 6 h were more likely to 
have complications (most commonly neurologic deficit and contractures) [57].

17.2.3.3  Gluteal Region
Gluteal compartment syndrome is exceedingly rare, often creating a delay in diag-
nosis. In addition to muscle necrosis and complex morbid wounds, sciatic nerve 
palsy can develop from untreated compartment syndrome in this area [58].

17.2.3.4  Foot
Management of foot compartment syndrome has some controversy, with nine dif-
ferent foot compartments and fasciotomy presenting potential morbidities [59, 60]. 
There is data that suggest no difference in motor, sensory defects, and pain between 
patients who undergo fasciotomy versus those that do not [61]. Despite this, fasci-
otomy remains a mainstay of treatment. Lokiec noted that the most common com-
plications were neurologic defects (52%), toe contractures, (12%), and amputations 
(12%) [62]. A 2009 systematic review aggregating 39 patients showed that only 
10% were able to return to work [63]. More recent data from 2015 showed that 79% 
were able to return to work [64].

17.2.3.5  Lower Extremity
Due to the relative prevalence of compartment syndrome of the lower extremity in 
comparison to other compartments, thigh and calf compartment syndrome remains 
the prototypical example of extremity compartment syndrome [41]. In a 2016 
review, acute kidney injury was found in 2.4% of lower extremity compartment 
syndrome. 12.9% of patients required amputation. 10.2% had lower extremity pain, 
foot numbness was noted in 20.5%, and a foot drop was found in 1.2%. 69% of 
patients were able to return to employment [65].

Complications surrounding muscle compartment syndrome
  Delay in diagnosis
  Rhabdomyolysis with or without renal failure
  Contracture
  Nerve damage
  Tissue necrosis
  Mortality
Efforts to mitigate complications may include
  Early diagnosis with assistance of pressure monitoring
  Near-infrared spectroscopy (experimental)
  Intramuscular glucose concentration (experimental)
  Early fasciotomy
  Adequate resuscitation with possible use of adjuncts such as mannitol and bicarbonate
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17.3  Thoracic Compartment Syndrome

17.3.1  Pathophysiology

Thoracic compartment syndrome is an exceedingly rare condition that has been 
reported after pediatric and adult cardiac surgery, and less commonly seen after 
trauma. Postoperative myocardial edema or cardiac dilatation, combined with chest 
wall and mediastinal edema, leads to compression of the heart, diminished diastolic 
filling, and thus decreasing cardiac output [66]. The condition can occur hours to 
days after chest closure, and if left untreated can lead to cardiovascular collapse. 
Diagnosis relies on a high index of suspicion in the setting of cardiac tamponade 
like physiology.

17.3.2  Management

Temporary closure of the chest can be achieved with a synthetic material, such as 
polytetrafluoroethylene, which is sutured to the sternal and skin edge [67]. Another 
option is skin closure without sternal re-approximation [68]. In addition, chest tubes 
can be used to stent open the sternum and thus elevate the sternum above the heart 
[69]. In one case report, a sternal traction device was used to maintain the sternum 
in an open position [70].

In one study in neonates, successful closure of the sternum was still noted to 
cause some increase in pulmonary arterial pressure, left and right atrial pressure, 
and peak airway pressure [71].

17.3.3  Outcomes

In the pediatric patient population, a series of 113 patients with prolonged open 
sternotomy showed a 36.2% mortality rate, versus 5.4% in patients with primary 
sternal closure. Mortality was higher in patients with low cardiac output after car-
diopulmonary bypass, in those that needed a circulatory assist device, and in those 
that developed postoperative tamponade requiring reopening of the sternum in the 
ICU. Primary cause of mortality was heart failure, illustrative of the patient popula-
tion. Other causes of death were pulmonary hypertension, multiorgan failure, and 
intracranial hemorrhage. Only one patient had mediastinitis [69].

A 1996 series demonstrated a mortality rate of 36.6% in 123 adult patients 
who underwent cardiac surgery and required prolonged open sternotomy. Need 
for an intra-aortic balloon pump postoperatively was associated with greater 
mortality (46.3% vs. 16%, p  <  0.01). Other reported complications included 
superficial sternal wound infection (1.6%), mediastinitis (0.8%), and sternal 
dehiscence (2.4%) [72].

An earlier series in 1992 had a higher rate of mediastinitis in the open chest 
group (4–6%), but this was still within the range of the overall cardiothoracic patient 
group (0.15–5%) [73].
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Complications surrounding the open chest in thoracic compartment syndrome
  Superficial sternal wound infection (1.6%)
  Mediastinitis (0.8%)
  Sternal dehiscence (2.4%)
  Mortality (36.6%)
Efforts to mitigate complications may include
  Temporary chest closure with synthetic material (such as polytetrafluoroethylene)
  Chest wound skin closure without sternal re-approximation
  Use of chest tube to stent open sternum above the heart

Complication rates adapted from Christenson JT, Maurice J, Simonet F, Velebit V, Schmuziger 
M.  Open chest and delayed sternal closure after cardiac surgery. Eur J Cardiothorac Surg. 
1996;10(5):305–11

17.4  Intracranial Hypertension

17.4.1  Pathophysiology

In the 1700s, Scottish physician Alexander Munro and Scottish surgeon George 
Kellie helped form the hypothesis that models intracranial pressure today. The skull 
is a fixed volume, and space must be shared by the brain parenchyma, blood, and 
cerebral spinal fluid. Any increase in any of these components results in elevated 
intracranial pressure [74]. The underlying disease process is broad, with the phe-
nomenon of increased pressure described as intracranial hypertension. However, we 
will focus on medical therapies for intracranial hypertension in the setting of trauma.

17.4.2  Outcomes Based on ICP Monitoring

Intracranial pressure monitoring began with Lundberg in 1964, who implanted a 
ventricular catheter in 30 patients with traumatic brain injury [75]. They proposed 
that ICP values can be used to guide TBI management. In 1977, Miller’s series of 
160 patients identified that an ICP of more than 20 mmHg correlated with poor 
outcomes (defined as severely disabled, persistent vegetative state, or death) [76].

Today, medical options to modulate intracranial pressure include osmotic agents 
(hypertonic saline, mannitol), traditional sedatives (propofol, midazolam, dexme-
detomidine), and barbiturates [77].

Hypertonic saline generates an osmotic gradient across the blood-brain barrier to 
decrease ICP. The agent demonstrates rapid onset and relatively long-lasting effects, 
as much as 12 h in some patients. In 2014, Colton showed that patients with ICP 
decreased for at least 2 h with the use of hypertonic saline had decreased mortality 
and improved functional outcomes [78]. Mannitol’s use as an osmotic diuretic has a 
long-standing history in reducing ICP, though the agent can also cause hypotension. 
Studies comparing hypertonic saline to mannitol suggest that hypertonic saline may 
have a more dramatic and sustained reduction in ICP [77]. However, specific out-
comes data is lacking.
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Sedatives such as propofol and midazolam appear to decrease ICP similarly. 
Propofol may have added benefit against cerebral edema, while midazolam has anti-
epileptic properties. Dexmedetomidine has been shown to reduce the amount of 
hypertonic saline or mannitol needed to maintain ICP within normal range [77].

Barbiturates are used as a second-line therapy in patients with refractory 
ICP. However, need for barbiturate use is associated with poorer outcomes, which is 
likely a reflection on the disease burden in patients with refractory intracranial 
hypertension [77].

Despite the ubiquity of ICP-guided management in the setting of TBI, its effec-
tiveness remains unclear. Shafi’s 2014 multicenter retrospective study on ICP ther-
apy suggested that adherence to guidelines was associated with reduced mortality 
(OR 0.88; 95% CI 0.81–0.96, p < 0.005) [79]. In contrast, Cremer’s 2005 study 
compared two well-matched trauma centers in the Netherlands: one that utilized 
ICP measurements, and the other that utilized CT scan and exam findings. The 
study found that while the ICP-focused center used more sedatives, barbiturates, 
vasopressors, and mannitol, there was no difference in mortality [80]. The only 
randomized trial data on ICP management comes from the 2012 Benchmark 
Evidence from South American Trials: Treatment of Intracranial Pressure 
(BEST:TRIP). Patients were randomized to ICP-guided management vs. treatment- 
guided CT imaging in conjunction with physical findings. Ultimately, 6-month mor-
tality was similar in both groups (39% in ICP monitoring vs. 41% in imaging/exam, 
p = 0.60) [81].

It should be noted that these trials are not precisely ICP vs. no-ICP groups, but a 
comparison of TBI management guided by ICP vs. imaging and findings [74]. 
Ultimately, additional data are needed to accurately describe the optimal method of 
TBI management.
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In some cases, abdominal compartment syndrome (ACS) has to be treated using an 
open abdomen (OA). In particular decompressive laparotomy and OA are indicated 
in ACS if medical treatment has failed after repeated and reliable intra-abdominal 
pressure measurements both in trauma and nontrauma patients.

Moreover, OA is an option for emergency surgery patients with severe peritonitis 
and sepsis/septic shock under the following circumstances: abbreviated laparotomy 
due to severe physiological derangement, the need for a deferred intestinal anasto-
mosis, a planned second look for intestinal ischemia, persistent source of peritonitis 
(failure of source control), or extensive visceral edema with the concern for devel-
opment of abdominal compartment syndrome.

The abdomen should be maintained open if requirements for ongoing resuscita-
tion and/or the source of contamination persists, if a deferred intestinal anastomosis 
is needed, if there is the necessity for a planned second look for ischemic intestine, 
and lastly if there are concerns about abdominal compartment syndrome 
development.

Early fascial and/or abdominal definitive closure should be the strategy for man-
agement of the open abdomen once any requirements for ongoing resuscitation have 
ceased, the source control has been definitively reached, no concern regarding intes-
tinal viability persists, no further surgical reexploration is needed and there are no 
concerns for ACS.

Primary fascia closure is the ideal solution to restore early the abdominal clo-
sure. Component separation is an effective technique. The use of synthetic mesh 
(polypropylene, polytetrafluoruroethylene, and polyester products) as a fascial 
bridge should not be recommended in definitive closure interventions after OA and 
should be placed only in patients without other alternatives. Biologic meshes are 
reliable for definitive abdominal wall reconstruction in the presence of a large wall 
defect, bacterial contamination, comorbidities, and difficult wound healing. Non–
cross-linked biologic meshes seem to be preferred in sublay position when the linea 
alba can be reconstructed.

Cross-linked biologic meshes in fascial-bridge position (no linea alba closure) 
may be associated with less ventral hernia recurrence.

In Figs. 18.1 and 18.2, you can find the score proposed by the “Italian Biological 
Prosthesis Work-Group (IBPWG)” to achieve information about the best biological 
mesh choice. This decisional model combines the infection grade with tissue lost 
grade [1].

Planned ventral hernia (VH) (skin graft or skin closure only) remains an option 
for the complicated OA (i.e., in the presence of entero-atmospheric fistula or in 
cases with a protracted OA due to underlying diseases) or in those settings where no 
other alternatives are viable.

In case of present entero-atmospheric fistula, effluent isolation is essential for 
proper wound healing. Separating the wound into different compartments to facili-
tate the collection of fistula output is of paramount importance: negative pressure 
wound therapy makes effluent isolation feasible and wound healing achievable. 
Definitive management of entero-atmospheric fistula should be delayed to after the 
patient has recovered and the wound completely healed [2].
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So VH repair and entero-atmospheric fistula are the most significant long-term 
complications after OA.

VH can be planned ventral hernia after skin graft or skin closure only or they can 
be recurrences after early fascial and/or abdominal definitive closure especially in 
difficult cases when it is necessary to use biological prostheses.

In the majority of cases, these abdominal wall (AW) defects are huge and patients 
need permanent incisional hernia belts with a significant impact in their quality of 
life (self-body image disturbance to the patient).

On the other hand, these large defects very rarely become complicated hernias, 
precisely because of the big dimensions of the defect and it is practically impossible 
a bowel strangulation.

For this reason, high-risk patients must be informed that this hernia repair is not 
absolutely necessary and their VH will change their quality but not their quantity 
of life.

In particular, if there is a previous respiratory insufficiency, AW repair will affect 
negatively the respiratory dynamics because of the loss of domain (LOD).

Moreover, it was reported that the impact of the defect size, BMI, hernia volume 
(HV), subcutaneous volume, intra-abdominal volume, and the ratio of hernia to 

Cross-linked

Non cross-linked

3

2 3

Infection:

1

1
Infection

Tissue loss

Tissue loss:

1: Potentially contaminated
2: Contaminated
3: Infected

1: 0 cm
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Fig. 18.1 Decisional model diagram: the product of the infection and the loss of tissue scores 
gives as a result the value which indicates the kind of biological prosthesis to use

Non cross-linked Cross-linked

1 2 3 4 6 9

Fig. 18.2 Decisional line: the different results indicate the kind of biological prosthesis to use
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intra-abdominal volume (IAV) on respiratory insufficiency after open VH repair is 
collinear. Patients with large defects and a large ratio of HV:IAV (greater than 0.5) are 
also at significantly increased risk of respiratory insufficiency after open VH repair [3].

“Loss of domain” is a term used commonly in the hernia literature to describe the 
distribution of abdominal content between the hernia and residual abdominopelvic 
cavity. After repairing hernias with significant LOD (i.e., large hernias with much of 
the abdominal viscera outside the abdominal compartment), serious physiological 
complications can arise. The increase in intra-abdominal pressure pushes up on the 
diaphragm and can cause respiratory failure and pneumonia. The rise in abdominal 
pressure increases also the tension along the laparotomy incision, which can be 
pulled apart resulting in wound complications and hernia recurrence [4].

A patient with a VH after and OA has to be always considered a complex AW 
reconstruction.

Mesh implantation should be advised during definitive fascial closure: the final 
decision to use a mesh, the type of mesh, and the mesh position should be balanced 
by an expert surgeon in charge.

The use of component separation/relaxing incisions/myoplasties can be tech-
niques of utmost importance to apply in these difficult cases [5].

First, it is fundamental to analyze to AW defect and bowel adhesions performing 
an MR scan.

If there are concerns about respiratory dynamics, respiratory function tests must 
be performed.

A salient clinical test during the patient abdominal exam is the “pich test.”
In the planned VH after OA, the granulated abdominal wound is covered by the 

skin: this is achieved by creating subcutaneous flaps on both sides of the wound and 
closing the released skin in the midline. If the gap was too large to allow this tech-
nique, the wound could be covered with split thickness skin graft.

Reconstruction should be delayed until complete separation of the skin graft 
from the underlying tissue is evident (positive pinch test), usually after at least 
6–12 months.

The underlying tissue is in the majority of cases bowel loops that can be harmed 
if the surgical reconstruction is performed too early [6].

Laparoscopic approach to these complex AW hernias is practically impossible 
for three reasons: (1) dimensions of the defect, (2) adhesions, and (3) closeness to 
bony prominences. Hopefully in the near future, with new mini-invasive techniques, 
also for these patients this kind of solutions will be found [7].

As general surgeons are increasingly adopting robotic surgery, there is substan-
tial interest in harnessing the potential advantages of the robotic platform for ventral 
hernia repair, in particular for complex cases. Since then, the application of robotics 
in ventral hernia repair has grown steadily. As of 2018, more than 6000 robotic 
ventral hernia repairs have been reported in the medical literature. Henriksen et al. 
carried out a meta-analysis and stated that for ventral hernias that would normally 
require an open procedure, a robot-assisted repair may be a good option, as the use 
of a minimally invasive approach for these procedures decreases length of stay sig-
nificantly [8].
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The problem related to robotic surgery is the limited availability; therefore, the 
standard preferred technique is with an open approach.

The incision has to be chosen to gain the best visualization of residual AW but 
not to interfere or devascularize possible skin grafts.

The second step is adhesiolysis that has to be limited to the achievement of an 
effective surgical exposure.

Caution must be used to avoid bowel tears with consequent bacterial contamina-
tion and increased prostheses infection risk precluding the use of a synthetic mesh.

If possible a Rives–Stoppa technique utilizing a polypropylene mesh has to be 
carried out (if there is a direct contact with bowel loops a double-layer mesh is man-
datory): in case of bacterial contamination, the same technique with a cross-linked 
or not cross-linked biological prostheses has to be employed. In the majority of 
cases, a component separation approach has to be added.

In brief, if midline tissue cannot be easily approximated, then separation of lat-
eral components or some sort of tissue transposition needs to be done.

Component separation results in medial advancement of intact rectus myofascial 
units bilaterally, closing defects of up to 10  cm in the upper abdomen, of up to 
20 cm in the mid-abdomen, and 6–8 cm in the lower abdomen.

In extreme cases, when Rives–Stoppa technique is not feasible, a Chevrel 
approach should be employed. It is important to underline that the latter technique 
has higher prostheses infections and recurrence rates so it is absolutely not equiva-
lent to Rives–Stoppa technique.

The effectiveness of mesh reinforcement has been demonstrated in several stud-
ies which have shown that both short-term and long-term recurrence rates decrease 
by up to 50% when the fascial closure is reinforced with mesh. Although most stud-
ies suggest at least 5 cm of overlap or underlap, this requires further study, as there 
is some evidence that the amount of under/overlap depends on the size of the 
defect itself.

In general, mesh should be placed under adequate tension to avoid ripples or 
folds in the mesh. It should be taut, flat, and planar to promote increased contact 
with vascularized tissue and promote better integration. The ideal mesh location 
would insulate the viscera from the mesh, while protecting the mesh from exposure 
in case of wound-healing complications. The retrorectus/retromuscular plane 
(Rives–Stoppa technique) satisfies these criteria because the mesh is located in a 
well-vascularized plane between the underlying posterior rectus sheath and the 
overlying rectus abdominis muscle. Indeed, mesh placement in the retro-rectus 
plane has been shown to have excellent outcomes. Another excellent option for 
mesh placement is the wide intraperitoneal underlay position, although synthetic 
mesh used in this position should be coated with a barrier layer to protect the vis-
cera, and should be appropriately fixated so as to prevent internal herniation. Again 
the highest rate of hernia recurrence, bulge, and surgical site infections (SSI) occurs 
with interpositional bridge mesh placement, where the fascia cannot be closed 
primarily.

The preservation of skin and soft tissue vascularity is essential to reducing the 
risk of SSI.  This vascularity is derived, on each side, largely from two rows of 
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perforators, which themselves originate from the superior and deep inferior epigas-
tric vessels. Techniques that preserve as many of those vessels as possible have been 
shown to result in significantly fewer SSI than techniques that involve wide 
undermining.

The presence of skin undermining greater than 2 cm has been found to more than 
double the risk of SSI If possible, marginal and undermined skin and subcutaneous 
tissue should be excised before closure.

One of the enemies is dead space, which can result in seroma/abscess formation, 
leading to wound breakdown. Every effort must be made to obliterate any potential 
dead space. Closed suction drains should be used wherever dead space is present 
and should be maintained until the output is less than 20 mL a day for two consecu-
tive days with the patient ambulatory [9].

Another long-term complication after OA is entero-atmospheric fistula.
Entero-atmospheric fistula (EAF) is an enteric fistula occurring in the setting of 

an open abdomen, thus creating a communication between the GI tract and the 
external atmosphere.

The onset of an EAF within open abdomen represents a surgical nightmare, car-
rying several extremely challenging issues in the field of critical care and nutritional 
management; EAF is therefore associated with significant morbidity and mortality.

Despite the advances in OA management and the subsequent decrease of the 
initial reported mortality rates of 70%, EAF’s mortality is nowadays still as high as 
up to 40%.

EAF has unique features, therefore, making its spontaneous closure almost 
impossible to achieve; for this reason, the management of the fistula should be 
aimed to completely divert the fistula output, thus allowing a clean granulation of 
the exposed bowel and promoting the fistula to become a chronic but well- controlled 
fistula.

This result is hard to achieve, that, and before placing any dressing over the OA, 
a proper thorough irrigation of the abdominal cavity should be performed to reduce 
peritoneal contamination and limit the ongoing sepsis.

A large spectrum of techniques and surgical devices is described in literature; 
every surgeon usually develops his own technique, and none of those can perfectly 
fit well in every kind of clinical situation.

It is easy to figure out that EAFs being single, small, distal, superficial, and of 
low output are more likely to close spontaneously; in this group of fistulas, it may 
be worth an initial attempt of primary closure with sutures and different types of 
sealants (fibrin glue and cyanoacrylates). In contrast, when dealing with large, deep, 
proximal, and high-output fistulas, or with multiple openings, primary closure is 
absolutely unlikely to be successful; furthermore, the fistula should be exteriorized 
as much as possible outside the abdominal cavity, thus creating a flat surface where 
a diversion device can be applied more easily.

All different management options are aimed to bridge the patient to a delayed 
definitive treatment when the sepsis and the peritonitis are resolved and the sur-
rounding bowel has granulated enough to allow the definitive closure of the wound 
either by skin grafting or use of any other biological materials.
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Definitive surgery for fistula resection and abdominal wall reconstruction should 
be delayed for at least 8–12 months, to allow proper loosening of the visceral adhe-
sions, and should be performed only when the patient is well nourished and has 
reached a well-balanced physiological homeostasis. Multiple surgical approaches 
for definitive fistula takedown and abdominal bowel reconstruction may be required 
in a multistep fashion, and several strategies are described in literature [10].

Fistula location, demonstration of any other intra-abdominal abscesses or associ-
ated collections, and exclusion of any distal gastrointestinal obstruction can be dem-
onstrated with a wide variety of imaging diagnostic methods, that is, methylene blue 
test, upper and lower GI series with water-soluble contrasts, fistulography, com-
puted tomography, and magnetic resonance imaging [11].

When possible, the surgeon should avoid going through the same incision used 
in prior operations. Instead, attempts should be made to enter the abdomen from 
non-violated areas of the AW. Some authors have suggested alternative methods of 
entering the abdomen through a transverse incision.

Some authors suggest that surgeons should mobilize and identify the entire gas-
trointestinal tract, from the gastroesophageal junction to the rectosigmoid junction 
but this is not absolutely demonstrated to be useful. Identifying all of the fistulas and 
the entire GI tract is pivotal. Resecting multiple fistulas as one segment en masse is 
preferable, but this may not be possible if the fistulas are located at a distance from 
one another. Thus, difficult decisions must often be made during the course of the 
operation: should more than two or three anastomoses be created, running the risk 
of a leak? Or, should the number of anastomoses be minimized? Should large seg-
ments of small bowel be resected, potentially creating GI-crippled patients with 
possible short gut syndrome? Or should one create more anastomoses? Only an 
expert operating surgeon can make that judgment. It is important to recognize that 
intestines look shorter than they in fact are in the abdomen that has been operated 
previously. If at least 20–25 cm of bowel can be left between anastomoses, a hand- 
sewn or stapled technique can be used. To avoid resecting a large amount of bowel, 
adjunct procedures (such as a modified strictureplasty) can be used in certain 
fistulas.

If the integrity of anastomoses or anastomosis is questionable, revision is reason-
able, as is the creation of a proximal diverting ostomy. Surgeons should not promise 
their patients that they will not have a stoma, temporary or otherwise.

These operations can take a long time, so surgeons should consider stopping and 
returning the next day to complete the anastomosis or to reconstruct the abdomi-
nal wall.

During the interim period, patients can be resuscitated, coagulation and acidosis 
can be corrected, and the surgeon and surgical team can get some much-needed rest 
before performing the definitive surgery. Intraoperatively, these patients need ade-
quate oxygen delivery and maintenance of normal tissue perfusion and adequate 
body temperature are mandatory. Fluid status should be monitored. Hypotension 
should be avoided, especially if the patient underwent preoperative bowel preparation.

Definitive AW reconstruction at the time of hernia repair or at the time of take-
down of EAF, even in contaminated fields, should be attempted.
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Stoma or fistula takedown at the time of complex hernia repair has been 
reported to be associated with significant complications. These studies suggest 
that biologic mesh implantation is a valid option for complex AW reconstruction 
in high-risk trauma and acute care surgery patients. The three most common tech-
niques used to place mesh during AW reconstruction are again onlay placement, 
interposition, or bridge, underlay placement with the criticisms already described.

Different techniques for AW reconstruction include the use of tissue expanders 
or other highly sophisticated plastic surgery tools and operations have been 
described.

In comparison with prosthetic mesh repairs, autologous vascularized tissue flaps 
have the advantage of not implanting foreign material into the body thus reducing 
the risk of infection when applied to a contaminated field. They can also be used 
when there is a large skin defect. Furthermore, they can be combined with other 
methods, such as components separation of mesh, to reduce the size of the flap 
needed. The disadvantages include the complex techniques required as well as the 
morbidity associated with the donor site. Although pedicled flaps can be used in 
small- and mid-sized defects within the arch of the rotation of the flap, the size and 
location of the defect usually preclude the use of a rotational flap.

The main indication for using a microvascular flap is a large, full-thickness tissue 
defect (with grafted skin) extending into the upper abdomen. The tensor fascia latae 
(TFL) myocutaneous free flap use has been reported in more than 100 patients in 
the world.

The advantages of the TFL flap compared with an anterolateral thigh flap are the 
more constant anatomy of the TFL pedicle and larger vessel caliber matching the 
vessel size of the great saphenous vein loop. In addition, the size of the flap can be 
quite large although in very wide flaps the relative thinness of the anteromedial por-
tion of the fascia, especially in women, sometimes requires mesh enforcement. 
Furthermore, the location of the donor site in the thigh has no effect on postopera-
tive respiratory function and usually heals well [12].

In conclusion, surgical treatment of patients with EAF-hostile abdomen and other 
complex abdominal defects is challenging and expensive; it requires significant 
resources, both surgical and financial. Careful planning and advanced surgical tech-
niques are required, often involving the use (alone or combined) of biologic mesh 
and composite tissue transfer. With careful planning and proper surgical techniques, 
using biologic mesh may be the only viable choice and could offer excellent results. 
Furthermore, while abdominal reconstruction in patients with or without fistulas and 
abdominal defects is challenging and complex, and is associated with significant 
morbidity and potential mortality, AW reconstruction offers the only possible option 
to significantly improve the quality of life of this group of patients [13, 14].
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19.1  Briefing

Decision-making in treatment of an acute compartment syndrome is based on clini-
cal assessment, supported by invasive monitoring. Thus, evolving compartment 
syndrome may require repeated pressure measurements. In suspected cases of 
potential compartment syndromes clinical assessment alone seems to be unreliable.

Point-of-care ultrasound (POCUS) is a propaedeutic modality more often used in 
daily practice. Since the establishment of sonography bases for lung ultrasound, it 
has become a valuable extension of physical examination, providing new informa-
tion about lungs, pleural structures, and volume status.

POCUS has become an indispensable tool in the management of critically ill 
patients including echocardiography; fluid assessment; lung, optic nerve, abdomi-
nal, and venous thromboembolism evaluation, as examples [1, 2].

The possibility of obtaining responses with potential to direct the patient treat-
ment instantly changed the modern approach in the intensive care. Following you 
can learn examples of how the POCUS can help in the early diagnosis and treatment 
of the main compartmental syndromes shown in the previous chapters.

19.2  Abdominal Compartment Syndrome

The World Society of the Abdominal Compartment (WSACS) guidelines were 
updated in 2013 and included the medical management algorithm [3]. These guide-
lines recommend either continuous or intermittent intra-abdominal pressure (IAP) 
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monitoring. Medical management for intra-abdominal hypertension (IAH) and 
abdominal compartment syndrome (ACS) is divided into five categories: evacuation 
of intraluminal contents; evacuation of intraluminal occupying lesions; extra- 
luminal (intra-abdominal) contents; improvement of abdominal wall compliance; 
optimization of fluid administration; and optimization of systemic and regional 
perfusion.

Pereira et al. [4] studied a group of 50 critically ill patients who developed IAH, 
in whom POCUS proved to be extremely useful in evaluation of bowel activity, 
identification of large intestinal contents, the identification of patients who would 
benefit from bowel evacuation as an adjuvant to lower IAP and the diagnosis of 
moderate to large amounts of free intra-abdominal fluid.

Following first step of the WSACS medical management algorithm, ultrasound 
was used for nasogastric tube placement, confirmation of correct positioning, and to 
check stomach contents. In the second step that addresses intraluminal evacuation 
through the administration of enemas, POCUS allowed assessment of bowel activ-
ity (movements); allowed identification of large bowel contents (right and left 
colon) and identified patients that may benefit from continued enema-treatment to 
lower IAP. Also, during the second stage of the WSACS medical management algo-
rithm, it was a useful adjuvant tool for diagnosing moderate to large amounts of free 
intra-abdominal fluid.

POCUS echocardiography also can detect indirect but nonspecific signs of ACS, 
decreased preload as well as dysfunctions of systolic and diastolic ventricular func-
tions [5].

In 2017, International Fluid Academy (IFA) published the Critical and Acute 
Care Ultrasound Book (CACU) including the use of POCUS as a tool for intra- 
abdominal hypertension management.

19.3  Extremity Compartment Syndrome

Acute compartment syndrome of the lower extremity is a condition of rapidly 
increased pressure leading to reduced perfusion below a vital level for muscles and 
nerves within limited anatomic space [6]. Without immediate surgical decompres-
sion, nerve lesions, muscle contracture, amputation, or even sepsis may occur [7].

Invasive pressure measurement is recommended as an adjunct to clinical exami-
nation [8, 9]. Noninvasive alternatives such as near-field spectroscopy, microvascu-
lar blood flow, muscle oxygenation and pH, laser Doppler flowmeter, quantitative 
hardness measurements, or compression sonography have been examined but were 
not feasible for routine diagnosis of acute compartment syndrome [10–12]. 
Ultrasound examination is noninvasive, easy to perform, painless, and could be used 
in addition to invasive pressure measurement [13, 14].

A study found that intra-compartmental pressure of the anterior compartment of 
the calf can be well estimated by ultrasound-based tibia–fascia angle difference 
between legs [13]. Another study showed the volume of anterior tibial compartment 
had relation with intra-compartmental pressure [14].
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19.4  Intracranial Compartment Syndrome

The patient’s assessment with trauma brain injury with intracranial pressure (ICP) 
increase is a challenge in the emergency service. Many of these patients display 
serious complications and an early diagnosis might settle therapeutic measures that 
could contribute to a better survival. The physical examination is not enough in the 
emergency services to assess the ICP increase in patients with traumatic brain injury.

The optic nerve sheath ultrasonography measure seems to be a valid alternative 
method with several advantages like the accessibility, opportunity, cheapness, mon-
itoring (since it can be repeated), and not being invasive in critical patient context 
since morbidity and mortality can increase especially in the emergency services and 
intensive care unit [15].

A prospective study showed the ocular ultrasonography benefit in neurosurgical 
patients, it proved a positive correlation between the diameter of the optic nerve 
sheath and the ICP measurements. 95% sensitivity and 80% specificity were the 
most specific in those patients with a history of traumatic brain injury [16].

In 2015, a study case in children was checked and it confirmed that ocular ultra-
sonography was an examination that might provide two signs related to papill-
edema; the optic disc elevation (elevation of one or more mm above the retina of 
entry of the optic nerve) and the crescent sign using point-of-care as the fluid that 
surrounds the optic nerve when it is seen in transverse windows with vertical orien-
tation that demonstrated its relationship with an increase in ICP [16, 17]. Optic 
nerve sheath diameter also may be useful for predicting neurologic outcomes in 
post-cardiac arrest patients according to a recent study [18].

When comparing ICP measurements in an invasive way with the optic nerve 
sheath measure through ultrasonography, the results show a good correlation among 
the values and the ICP estimated. Same results were achieved with the computed 
axial tomography measuring the negative predictive value and sensibility.

19.5  What Next?

So far, we have not intended to carry out a comprehensive review regarding the use 
of POCUS in compartmental syndromes, but to present some of the most recent 
lines of research in order to assist in the early diagnosis and treatment of compart-
ment syndromes.

It is quite difficult to predict what will happen to the treatment of compartmental 
syndromes, but it is possible to observe the current trends where we are going. More 
important than this is to create awareness about these conditions.

We already know how to solve the issue of compartmental syndromes in our 
patients, but often we come too late. When diagnosed, definitive lesions are often 
already present or even multiple organ dysfunctions, which cause morbidity and 
mortality related to the syndrome to increase dramatically.

These studies above had many methodological limitations that do not allow com-
ing up with a recommendation about it. However, they all have something in 
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common: the search for a simpler, less-invasive method for the patient, and cheaper 
for the health system or health care provider.

We need to Keep It Stupid Simple (KISS). When we KISS, things have gone 
easier. It is impossible to have emergency physicians possess the ability to perform 
invasive monitoring of intracerebral pressure, for example, but by allowing them to 
perform their screening, or to be able to act directly on intra-abdominal hyperten-
sion through POCUS, the possibilities to act directly on time-response and change 
in mortality of these diseases could increase.

A study demonstrated that although most of the physicians who answered the 
questionnaire stated that they were familiar with IAH and ACS, knowledge is inco-
herent and inadequate about the definitions published in the consensus of the 
WSACS, the clinical measurement, and the treatment techniques [19]. This makes 
it clear that the next move is toward education.

We need to strive for concepts about compartmental syndromes to be part of the 
clinical curriculum in medical school, while societies such as WSACS, IFA, and 
World Society of Emergency Surgery (WSES) struggle for continuing education 
initiatives to reach the greatest number of physicians around the world, familiariz-
ing them with this pathology.

Just reading this book already puts you in a select group of physicians who con-
tinue in the incessant search for the best way to take care of our patients. But more 
is needed, only those who already have an interest in the subject will be here unless 
you disseminate what you already know and make more people curious to get to the 
end of this reading.

The future belongs to those who learn more skills and combine them in creative ways.
—Robert Greene, Mastery
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