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While training as a young intensive care consultant, I was always amazed at 
how little emphasis was placed on the well-being of the lump of gray matter 
sitting in our heads called the brain. Numerous ICU conferences elaborated 
on the exciting topics of ARDS and ventilation, diagnosis and mechanisms of 
sepsis, oscillators and jet ventilation, and ECMO. We discussed heart disease 
and physiology, pulmonary mechanics, dialysis, sepsis, and various other 
thought-provoking areas. But there existed a general lack of awareness that 
the point of all this was to ensure that the brain was maintained in an ade-
quately working state. The impact of diseases and treatments on the brain 
were largely ignored. When the brain was directly impacted by disease such 
as following traumatic brain injury (TBI), stroke, or SAH, most clinicians 
took a relatively nihilistic view that as outcomes could not be significantly 
impacted by hospital management and as most patients survived who made it 
to hospital (although the level of functioning was largely ignored), there was 
little interest in pursuing research to improve outcomes for these patients. In 
many instances, this was because the brain was largely a closed book to most 
of us. While cardiac imaging was advancing in leaps and bounds, there was 
little insight into the working of the brain and even less into how to investi-
gate and monitor cerebral activity.

Very few intensive care centers had taken any interest in neurocritical care 
at this time, and patients were often managed in general ICUs or neurosurgi-
cal HDUs and not necessarily by intensivists. A few specialized centers were 
emerging, however, notably Massachusetts General Hospital and 
Addenbrooke’s Hospital in Cambridge, and these would eventually become 
the leaders in the push for a more brain-focused approach to the critically ill. 
Their efforts were pivotal in initiating the long process of undertaking and 
collating research in order to determine what did and, as importantly, what 
therapies didn’t improve outcomes post ABI. Furthermore, a closer look at 
outcome measures would be necessary, as mortality alone in the setting of 
major neurological deficits was recognized as insufficient and issues of qual-
ity of life would have to be looked into.

Over the past 25 years, momentum has steadily grown, and a number of 
important papers have been produced demonstrating positive outcomes from 
a range of interventions including improving cerebral hemodynamics, cere-
bral vasospasm, and intracranial hypertension, to name a few. Furthermore, 
the Brain Trauma Foundation published their guidelines on the management 
of TBI and, although light on evidence, was able to provide a baseline from 
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which further research could be undertaken. As such, a PubMed search today 
will reveal a plethora of papers in the field of neurocritical care reflecting a 
massive increase in interest and funding in this field and setting the stage for 
new and exciting developments in the future.

With this newfound interest in all things brain, the number of books pub-
lished on the topic has increased exponentially. Many seem to follow the 
time-honored tradition of approaching the topic broadly with a reference to 
basic physiology, general cerebral monitoring and management, and a few 
chapters on specific topics. As such, most books provide an overview of man-
agement for the ABI population as a whole but may be a little short on specif-
ics when it comes to managing the individual patients or when specific 
problems develop which may be a little out of the ordinary.

In Challenging Topics in Neuroanesthesia and Neurocritical Care, Zahid 
Khan has attempted to delve into specific issues that are faced by the practic-
ing clinician on a daily but also occasional basis. With many years of experi-
ence in neuroanesthesia and neurocritical care, Khan has chosen topics that 
may not readily be found in the average neuroICU textbook. And while many 
of the chapters cover topics broadly reviewed by other titles, Khan attempts 
to deal with specific issues confronting the neuroanesthetist and neurointen-
sivist. For example, the chapters on airway and pain management, common 
but often overlooked issues, are reviewed in detail. A number of chapters are 
reserved for discussing anesthetic techniques in a variety of complex situa-
tions including posterior fossa surgery, pituitary surgery, and awake cranioto-
mies. And newer therapies such as the use of inhalatory sedation in 
neurointensive care are also reviewed. And the final chapter on neuroprotec-
tion, a rapidly expanding and very promising area of research, concludes the 
reviews.

It is hoped that by dealing with specific topics, this book will provide an 
alternative source of information filling the gap in knowledge and improving 
clinicians’ ability to manage patients with complex neurocritical issues. Many 
topics covered may be controversial and lacking in widespread evidence to 
guide management. As such, the title Challenging Topics in Neuroanesthesia 
and Neurocritical Care seems an apt choice.

H. White, MBBCH, MMED, FRCP,  
FRACP, FCICM  

Associated Professor in Intensive Care
Logan Hospital, Queensland, Australia
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An overwhelming interest did exist with me when I started as a young anes-
thesiologist catering for neuro-cases more than two decades back. This inter-
est could hardly have arisen but for a conflux of circumstances and an influx 
of patients, some of them exceedingly rare which I had the opportunity to 
report later.

Iran has the highest number of road accidents in the world, and as such, we 
have a large number of head injury and spinal cord injury patients landing in 
our emergency departments with compromised cardiovascular status requir-
ing urgent resuscitative and airway management strategies. I thought of it and 
the fate of these patients by day and nursed it by night. It became an overpow-
ering, absorbing passion with me, and I resolved to take up the task of writing 
a book with the aim of addressing the most challenging issues in neuroanes-
thesia and neurocritical care which I thought would be of help in the overall 
management of these cases. I had been thinking over it most deeply and most 
intently. Head injury has been a continual and ephemeral problem commonly 
felt but less acknowledged. For such a book, I needed to muster all my 
resources and get the help of celebrities in the field. A search provided me an 
egress to some of my old friends and scholars in the field.

Head injuries take a massive toll of our younger generation, and some of 
these cases are wheeled into the neurointensive care units with diffuse axonal 
injuries and with a Glasgow Coma Scale score of 6 or 7 or even below that. 
Ischemic injuries have been observed in more than 90% of patients dying as 
a result of head injury. Systemic insults, such as hypotension and hypoxia, are 
frequent in the early posttraumatic period as well as in the intensive care set-
ting. Thus, these patients not only need an intensive care but in fact an extra-
vigilant care; otherwise, they would pass away without pain or suffering like 
a clock someone had forgotten to wind.

Prognostic values of traumatic brain injury (TBI), brain tissue oxygen-
ation in TBI, intracranial compliance, TBI and management, and biomarkers 
in TBI have been dealt with exquisite detail. Likewise, blood glucose concen-
tration management, paroxysmal autonomic instability with dystonia, periop-
erative stroke, subarachnoid hemorrhage, postoperative hematoma, deep 
brain stimulation, and diagnosis of brain death have all be dealt with in suf-
ficient detail. Apart from these, there are some highly important chapters on 
airway and pain management and anesthesia in different clinical and chal-
lenging scenarios, related to the central and peripheral nervous system.
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The book covers areas about brain monitoring in severe head trauma. 
These chapters would provide the clinician an insight whether jugular bulb 
oxyhemoglobin saturation ( SjO2)-guided therapy provides better outcomes 
than intracranial pressure (ICP)- and cerebral perfusion pressure (CPP)-
guided therapy in clinical practice based on expert opinion or based on ran-
domized, clinical trials. SjO2 monitoring is considered to be appropriate for 
detecting global cerebral ischemia. Low SjO2 values indicate a higher extrac-
tion of oxygen and thus are indicative of ischemia. But as there are different 
types of tissue hypoxia, SjO2 monitoring will not be able to detect all causes 
of tissue hypoxia, and furthermore, tissue hypoxia may be present despite 
normal or increased venous saturation values. The use of invasive monitoring 
system should be justified by a hierarchy of evidence. Jugular desaturation 
implies that cerebral blood flow (CBF) is inadequate for the metabolic needs 
of the brain, and SjO2 values below 50% are a medical emergency. However, 
SjO2 cannot always be relied upon if it is one sided, and bilateral SjO2 moni-
toring should be applied if the SjO2 data are inconsistent with other physio-
logical variables. Currently, ICP- and CPP-guided therapies are the main 
therapeutic modalities in the treatment of severe head injuries. The underly-
ing aim is to ensure that cerebral blood flow (CBF) and oxygenation are ade-
quate to meet the metabolic demands.

Continuous monitoring of partial pressure of brain tissue oxygen (PbrO2) 
that provides an additional information on the local oxygen status of the 
injured brain has also been described as a safe method of brain monitoring. 
Low PbrO2 recordings reflect hypoxia of the relatively undamaged tissue in 
the first 24 h after head injury and thus could serve as a useful tool of moni-
toring in expert hands. In some studies, a correlation between low PbrO2 and 
normal or even high SjO2 has not been found. In intensive care management, 
it is imperative that a focus is made not only on increasing CPP but, more 
specifically, on attempts to increase brain tissue oxygen levels.

Early detection of impending cerebral ischemia in comatose patients is the 
cornerstone in obviating secondary insults to the brain that has received a 
trauma or injury. Several researchers have upheld the notion that the brain 
tissue PO2 (PtiO2) would be adequate if the CPP is maintained at 60 mmHg. 
Increasing the CPP above 60  mmHg would not further improve PtiO2. 
Hyperventilation should preferably be carefully monitored by SjO2 and PtiO2 
monitoring to prevent hypocapnic-induced cerebrovascular constriction and 
cerebral ischemia. The modifications in PaCO2 have served to be of prognos-
tic value in treating head injury patients and help as therapeutic strategies in 
controlling ICP and adjusting CBF to meet metabolic needs. The transcranial 
Doppler (TCD) measures the change in CBF during PaCO2 variations and to 
test CO2 cerebrovascular reactivity. This aspect has been adequately covered 
in one of the chapters.

Since head injury patients or those undergoing neurosurgical operations or 
monitoring present a plethora of problems, it is recommended that the differ-
ent indices are monitored and optimized. These aspects are fully covered and 
dilated upon in the different chapters of the book. Some recommend continu-
ous infusion of norepinephrine if the CPP is lower than 80 mmHg and ICP 
higher than 20  mmHg and/or jugular venous oxygen saturation (SvjO2) is 
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equal to or less than 55%. Of course, under such circumstances, it is manda-
tory that the blood volume is optimized first. This treatment modality is used 
with the explicit purpose to stabilize CPP between 80 and 100 mmHg so as to 
optimize ICP and CPP. However, when CPP is compromised between 65 and 
80 mmHg but ICP remains lower than 20 mmHg and SvjO2 higher than 55%, 
no therapeutic intervention is needed. The first chapter of the book tackles in 
sufficient detail the intracranial compliance which is defined as the change in 
cerebrospinal fluid volume per unit change in pressure, which is not constant 
but increases as pressure rises. The lower limit of autoregulation represents 
the CPP level (about 40 mmHg in normal subjects) below which cerebral 
vasodilation and reduction in cerebrovascular resistance (CVR) can no longer 
compensate adequately for the decreasing CPP.

The lower limit of autoregulation is best defined by serial TCD monitor-
ing, such as measurements of SjO2. The authors fully highlight these domains 
in their respective chapters.

In the chapters on anesthetic management, controversial issues have been 
brought to the limelight and adequately addressed which would serve as a 
useful reference book for the practicing anesthesiologists and 
neurointensivists.

Each author has fortified his/her discourse with all the arguments and evi-
dence that human art and wit would devise, and this is clearly evident in all 
the three parts of the book. I am grateful to all the authors who most willingly 
opted to serve as contributors and presented their scholastic works for this 
book. By writing these exemplary chapters, the neuro-patients would be 
debtor to you so long as they live and would be paying you their gratitude so 
long as they are breathing, and until that moment, they take the last sigh of 
their life. If anything would increase my happiness and delight, it would be 
perceiving that the baby would have outgrown its set of caps or in other words 
the book would have received a general applause from its readers.

All the reviews presented herein would help the neurointensivists, neuro-
anesthesiologists, emergency medicine specialists, pulmonologists, and air-
way care specialists in taking the required and appropriate steps when such 
challenging cases are encountered.

I also avail of this opportunity in extending my profound gratitude to the 
Springer publications and the team involved in the publication of this book 
who helped me at every step through their suggestions and advices. It was 
indeed very rewarding working with the Springer publishers and its highly 
diligent team.

I owe a great deal to my father who has always been the driving force for 
all my academic pursuits, to my spouse who has always been a source of help 
and encouragement, and to my patients who taught me a lot the intricacies of 
this discipline through their illnesses and eventual outcomes.

I am also grateful to Professor Hayden White for having spared the time in 
writing a foreword for my book.

Tehran, Iran� Zahid Hussain Khan, MD, FCCM
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Intracranial Compliance, Traumatic 
Brain Injury and Management

Zahid Hussain Khan and Pooya Kalani

1.1	 �Introduction

Traumatic brain injury (TBI) has been reported 
to be 50,000 annually in the mean age group of 
35 year in the United States alone [1]. Survivors 
live with the TBI related disabilities. In the con-
temporary literature, a 20% reduction in mortality 
has been reported, and this could be attributed to 
an improvement of our knowledge of pathophysi-
ology of TBI and an advancement in our manage-
ment strategies. The last decade has witnessed 
giant strides in monitoring, critical care tech-
niques, indications and timing of surgery, which 
had an overall favorable impact on the mortality.

The brain is an organ that is exquisitely sensi-
tive to hypoxemia, episodes of hypotension and 
alterations in the blood pH. TBI ushers in a cas-
cade of events that bring in a change in the body 
hemostasis which if not corrected urgently can 
end up in more profound damage to the brain that 
would be difficult to treat.

The major causes of head injury include road 
vehicle accidents, falls from heights and sports, 
etc. Traditionally, head injury has been divided 
into the primary injury and the secondary injury. 

The initial assault or impact damage once 
inflicted is hard to reverse, that, it causes inevi-
table destruction depending upon the severity 
of  the injury but is preventable if safety mea-
sures are adopted and rules of driving and other 
sports abided.

The impact damage can appear in the form of 
contusions or lacerations, or else appear as epidural, 
subdural or intracerebral hematomas when bleeding 
occurs in the contusions or else several contusions 
coalesce together because of bleeding occurring 
within them. The secondary brain damage occurs 
within minutes to days after the initial insult in the 
form of hypoxia, hypercarbia, brain edema, brain 
shift, ischemia and infection which are preventable 
to some extent, and this aspect is the cornerstone in 
the management of TBI.

1.2	 �Intracranial Compliance/
Elastance

The brain is besieged by the rigid skull and an 
increase in intracranial pressure (ICP) may 
reduce cerebral perfusion pressure (CPP), and 
demolish cerebral blood flow (CBF) leading to 
cerebral ischemia.

The craniospinal axis is essentially a partially 
closed box containing both viscous and elastic 
elements. The elastic or its inverse the compliant 
properties of the container will ascertain as to 
how much volume can be added to it before the 
ICP shows a rise.

Z.H. Khan, MD, FCCM (*)
Department of Anesthesiology and Intensive Care, 
Tehran University of Medical Sciences, Tehran, Iran
e-mail: khanzh51@yahoo.com

P. Kalani, MD
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Intracranial compliance (dP/dV) is the inverse 
of compliance. Elastance is sometimes referred 
to as the volume-pressure response (VPR).

	
Compliance = =

1 1

Elastance VPR 	
Cerebral compliance literally expresses the 

capability to buffer an intracranial volume 
increase while buffering a rise in ICP. The auto-
regulatory response to any variation in CPP influ-
ences the cerebral blood volume (CBV) which is 
an important determinant of intracranial compli-
ance [2]. The ability of the intracranial compart-
ment to compensate to added volume is an 
important factor in the development of raised ICP 
after TBI [3]. Intracranial compliance or its 
inverse elastance is considered to be index of the 
volume buffering capability of the brain, and a 
reduced compliance will eventually lead to 
increased ICP [4]. Variations in CPP have signifi-
cant influence upon cerebrovascular resistance 
(CVR) and on CBV which regulate a constant 
cerebral blood flow (CBF) (Fig. 1.1).

	
CVR

MAP ICP

CBF
=

-

	
Different methods have been developed to 

measure cerebral compliance.
Marmarou [2] provided a full mathematical 

description of the craniospinal volume-pressure 
correlation and also found a mathematical model 
of the CSF system for general solution of the 
CSF pressure. He described nonlinear volume–
pressure relationship as a straight line segment 
relating the logarithm of pressure to volume.

It can be determined as a monoexponential 
relationship between volume and pressure.

Relationship has been described quantitatively 
by a pressure-volume index (PVI) which is the 
notional volume required to raise ICP tenfold. In 
fact, the slope of pressure-volume relationship 
determines this index (Fig. 1.2).

PVI can be calculated by the underlying 
formula:

	

PVI
dV
P

P

=
log 0

m 	

dV	= Volume = milliliters
P0	 = initial pressure
Pm	 = final pressure

Ordinarily, the PVI measures are obtained by 
repeated withdrawal and injections of 2 ml and 
the average PVI is calculated from multiple injec-
tions. In ICP rising, fluid injection is not per-
formed and PVI is obtained only from withdrawal 
of fluid.

Miller and colleagues [5, 6] introduced 
another craniospinal volume pressure 
relationship parameter, the volume pressure 
response (VPR). It is calculated from the ICP 
response resulting from a rapid bolus injec-
tion of saline into the CSF space, as a direct 
measure, not of compliance, but of its inverse 
elastance.

The fundamental principles of raised ICP 
were developed by Monro [7] and Kellie [8]. But 
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this doctrine did not take into account the CSF as 
a component of the cranial component. The con-
cept of reciprocal volume changes between blood 
and CSF was introduced by Burrows and was 
later extended in the early twentieth century [9, 
10] to allow for reciprocal changes in all the cra-
niospinal constituents.

The brain floats in the CSF which has an 
important role. Pascal’s principle describes 
that the transmission of fluid pressure exerted 
anywhere in a confined incompressible fluid is 
transmitted equally in all directions throughout 
so that the pressure variations remain the same. 
According to this law, all gradients of the ICP 
within the CNS are equilibrated. Marmarou’s 
mathematical model introduced inter-
relationship of the static and dynamic process 
of formation, storage and absorption mecha-
nisms of CSF. Also, Davson [11] has shown the 
relationship between CSF pressure and cerebral 
venous pressure. As a result, the steady-state 
ICP equation developed:

ICP  =  CSF formation rate × [CSF outflow 
resistance + venous pressure (pressure in sagittal 
sinus)].

The production of CSF is balanced by its stor-
age and reabsorption via the sagittal sinus.

Marmarou has extended this hypothesis with 
mathematical model:

	

R t
P

PVI
P

P

P P

P P
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V0	 = Single volume injection
P0	 = Starting pressure
Pp	 = �the peak pressure resulting from bonus vol-

ume injection
P2	 = �the pressure point on the return trajectory at 

time T2 (T2 = 2 min post injection)
R0	 = out flow resistance

The formula is derivation of an equation for 
CSF out flow resistance based on a bolus injec-
tion technique.

After traumatic brain injury, CSF out flow 
resistance is one possible parameter of raised ICP.

Mamarou’s study has shown that the role of 
CSF in ICP raising was only about 30%. 
Therefore, jugular bulb pressure was measured 
by Marmarou in 1993 [12] and it determines that 
ICP elevation relates to venous outflow pressure.

Gray and Rosner [13] determined the role of 
vascular factors in craniospinal compliance.

It revealed that the PVI could be regarded 
complex function of CPP, reinforcing the idea 
that the direction of the CPP-PVI relationship 
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Fig. 1.2  These methods are 
based upon the manual 
injection from the CSF 
space of the patient while 
measuring the ICP before 
and after the volume change. 
PVI is defined as the volume 
of CSF that would have to 
be infused to raise the ICP 
ten-fold. Normal PVI is 
26 ml. Less than 13 ml is 
considered to indicate 
reduced volume buffering 
capacity. VPR is defined as 
the change in ICP with the 
infusion of 1 ml of 
CSF. Normal VPR is less 
than 2 mmHg and greater 
than 5 ml is considered to 
indicate reduced volume 
buffering capacity
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depends on whether CPP stands above or below 
the autoregulatory range for CBF.

Further studies by Anile, Portnoy and Branch 
[14] showed that compliance is also time depen-
dent. They described two components based on 
the rate of injection of volume bolus:

	1.	 Physical compliance
	2.	 Physiological compliance

Heifetz and Weiss [15] described physical 
compliance with expansion of spinal dura matter 
and of any minute amount of brain compression 
and skull expansion that may occur.

Physiological compliance of intracranial sys-
tem is related to cerebrovascular alternations, 
specifically venous outflow resistance [16].

All data show that craniospinal pressure–vol-
ume relationships depend on the dynamic and 
viscoelastic properties of CSF, nervous tissue and 
vascular factors.

Zee and Shapiro [17] demonstrated the role of 
brain tissue elasticity on lumped craniospinal 
elastance. But their investigations were rejected 
by Walsh and Schettini [18].

Avezaat and Van Eijndhoven [19] introduced 
first exponential craniospinal volume–pressure 
relationship with ICP waveform pulse amplitude 
(ICPplse) for the elastance (dV/dP) and pulsatile 
blood volume for the volume injection. Their 
data revealed that there was a linear rise in the 
ICP pulse with ICP up to a pressure of 60 mmHg 
following which occurred a break point. Above 
60  mmHg, the ICP pulse showed a rapid rise 
with rising ICP.  With an Improvement in both 
hardware and software computer technology, it 
is becoming more probable to develop complex 
mathematical models of craniospinal system. 
Czosnyka et  al. [20] introduced a novel mathe-
matical pertaining to the cerebrovascular bed and 
craniospinal compartment, and they introduced 
electrical equivalent circuit of a CBF and CSF 
circulation model.

Finally, cerebrospinal complex was derived 
into three compliances as follows:

	1.	 CSF space
	2.	 Arterial bed compliance
	3.	 Venous compliance

Arterial compliance has the lowest role of the 
three components. The venous compartment has 
far greater compliance, and cerebral venous 
blood volume is an important component of cere-
bral buffering capacity as cerebral venous pres-
sure is low and approximates ICP.

After exhaustion of all CSF buffering capacity 
(150–170 ml), venous blood volume is the next 
buffer that comes into play.

1.3	 �The Circulating Blood 
Volume

It has been confirmed that the volume of intra-
cranial blood is largely dependent upon the vas-
cular bed, and the volume of the vascular bed 
in turn is predominantly maintained by chemical 
agents and vasomotor impulses. Elevated levels 
of partial pressure of carbondioxide in arterial 
blood ( PaCO2) bring about marked vasodila-
tion which increases the intracranial blood vol-
ume, and as a consequence increases intracranial 
volume as a whole. This cerebral vasodilation 
initiated by CO2 is again a compensatory phe-
nomenon because the vasodilation so produced 
prevents a fall in extracellular pH which would 
be inevitable if cerebral blood flow (CBF) had 
not increased.

At times, slowing of the circulation or stasis, 
which is frequently apparent and found in acute 
vasomotor paralysis, would cause an increase in 
intracranial blood volume. Therefore, it should 
be understood that vasomotor paralysis produces 
an increase in intracranial blood volume by a 
mechanism altogether different from that cited 
for hypercarbia.

The principal role of CBF is to provide oxy-
gen and glucose to the brain in order to maintain 
normal brain function. When CBF is decreased 
below a critical level to maintain normal metabo-
lism, dysfunction occurs in the form of increased 
glycolysis and a reduction in the process of oxi-
dative phosphorylation which produces adenos-
ine triphosphate (ATP). Brain activity soon 
ceases or stops for lack of oxygen. Thus, insuffi-
cient oxygen not only stops the function of this 
exquisitely sensitive organ, the brain, but it 
wrecks the entire functions of the body.
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It is important to grasp that the two pathologi-
cal mechanisms that are involved in limiting oxy-
gen availability are hypoxemia and ischemia. 
Hypoxemia signifies a reduction in the partial 
pressure of the oxygen in the arterial blood 
(PaO2), while ischemia indicates a reduction in 
CBF. Tissue hypoxia sufficient to disrupt metab-
olism can occur as a result of reduction in the vol-
ume of blood flowing through the tissue which is 
termed ischemic hypoxia or insufficient oxygen 
per unit volume which is termed hypoxic hypoxia.

1.4	 �Cerebrospinal Fluid Volume

CSF is a specialized extracellular fluid in the ven-
tricles and subarachnoid space which is produced 
at a rate of 0.3–0.4 ml/min (500 ml/day). It pro-
vides mechanical protection by buoyancy. The 
low specific activity of CSF (1.007) reduces the 
effective weight of the brain from 1.4 kg to 47 g 
(Archimede’s principle). This reduction in mass 
reduces brain inertia and thereby protects it 
against deformation caused by acceleration or 
deceleration forces.

The CSF acts as a blessing in disguise. When 
the intracranial volume shows a dramatic 
increase, CSF is the first that tries to neutralize 
this increase. In gross or severe cerebral edema, 
the CSF may be squeezed off the brain during the 
phase of compensation. The CSF otorrhea or rhi-
norhea at times seen in patients with acute head 
injuries may in fact act as a life-saving safety 
valve for some time at least. It shows that nature 
also comes into play to counteract evolving 
hematoma following head injury and any inter-
vention in nature by packing the CSF’s efflux 
would be detrimental for the patient.

1.5	 �Extravascular Fluid

The volume of intracellular and extracellular fluid 
(ECF) is invariably altered in cerebral edema. 
There exists a fine relationship between the capil-
lary loop and the tissue fluid. This fine relationship 
gets disturbed by an increase in the osmotic pres-
sure of blood or the tissue fluid. The normal ECF 
accounts for just 4% of the brain bulk. The fluid 

gets accumulated in response to the same vascular 
and osmotic forces that govern the extracellular 
dynamics elsewhere, but in the brain, the blood 
brain barrier (BBB) prevents the passage of pro-
teins out of the capillary bed and thus causing a 
sharp reduction in the osmotic power component. 
Following TBI and cerebral trauma, the integrity of 
the BBB no longer remains intact and thus protein 
leaks out into the extracellular compartment. With 
no lymphatic system to remove them, increased 
osmotic pressure attracts water and edema results. 
In the initial stages, the cellular membranes remain 
intact, but in the late stages there is rupture of the 
cell membranes. Therefore, hypertonic fluids are of 
no benefit in the late stages of cerebral trauma 
because the intracellular compartment of the glial 
cells is severely damaged by this time.

The expansion of brain or to be more exact 
edema is normally accommodated by a reduction 
in one or more of the above-mentioned intracra-
nial compartments, but it is usually the CSF, and 
it is because of this reason that the ICP does not 
at all manifest initially. But at a later stage when 
displacement of the CSF is no longer possible or 
else the edema is of such a large extent that the 
CSF displacement fails to accommodate it, a 
small increase in intracranial volume would 
cause a sharp rise in the ICP.  At this stage, 
hypoxia and hypercapnia can further deteriorate 
the condition. At this particular stage, hypertonic 
fluids and reduction of cerebral blood volume by 
means of hyperventilation can bring about a 
reduction in ICP. But at an advanced stage, the 
pressure rapidly rises again. This is because of 
the fact that there is increase in the intracranial 
blood volume following the reduction of ICP. The 
mechanism is not fully understood, but it could 
be due to vasomotor paralysis with resultant loss 
of resting tone of the cerebral vessels. An added 
factor may be the rapid passage of fluid from the 
intravascular space to the extravascular space.

1.6	 �Pathophysiology

TBI is a major cause of morbidity and mortality in 
young adults [21]. The primary brain injury results 
when the initial traumatic force applied to the head 
exceeds the ability of the brain to sustain the insult.
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A host of events can follow in the form of 
skull fractures, brain contusions and/or hemor-
rhages depending upon the severity of the contact 
force. Likewise focal or diffuse brain injuries can 
occur as a consequence of acceleration and decel-
eration forces. The consequence of initial injury 
includes physical disruption, distortion of cell 
membranes and the infrastructure and an over-
whelming disturbance of ionic hemostasis [22] 
secondary to an increased membrane permeabil-
ity. Research has been targeted mostly to second-
ary injuries as primary injuries are irreversible.

The secondary injury occurs as a consequence 
of further physiological insults such as ischemia 
[23–25], reperfusion and hypoxia to areas of at 
risk brain in the period after initial injury and is 
an interplay of biochemical mediators that in fact 
expand the injury beyond the primary insult. The 
mediators that have been implicated in secondary 
brain injury include excitatory amines, that is, 
glutamate and aspartate, [26] oxygen free radi-
cals, cytokines and inflammatory substances. 
This in turn may lead to astrocytic and neuronal 
swelling, relative hypoperfusion [23, 25] and a 
cascade of neurotoxic events because of increased 
intracellular calcium [26, 27].

The common denominator of secondary injury 
is ischemia which in fact triggers the release of 
such mediators. These mediators disturb the cel-
lular metabolism and function. Factors that can 
contribute to or else exacerbate the overall situa-
tion include hypoxia, hypercarbia, hypotension, 
intracranial hypertension, transtentorial and cere-
bral herniation. Hypotension worsens neurologi-
cal deficits, disrupts cerebral high energy 
phosphate stores and triggers intracerebral lactic 
acidosis [28, 29]. Early management of TBI is 
thus principally directed towards minimizing 
progression of injury in the at risk brain [23].

1.7	 �Cerebral Circulatory 
Responses

The TBI imparts an enormous adverse impact 
on the cerebral circulatory hemodynamics in the 
form of reduced CBF, impaired cerebral pressure 
autoregulation and increased ICP.  In one-third 

of head-injured patients having sustained injury 
<6  h previously, CBF was <18  ml/100G/min, 
that is, exactly at the threshold for cerebral isch-
emia [23].

The oxygen extraction enhances as the oxygen 
delivery to the brain declines, resulting in a 
decrease in jugular bulb oxygen saturation (SJO2) 
and an increase in anterior-jugular venous oxy-
gen content difference (AJDO2). The brain oxy-
genation is further reduced if CBF is reduced 
following hyperventilation [30]. Further reduc-
tion in oxygen supply will lead to a fall in cere-
bral metabolic rate of oxygen (CMRO2) heralding 
anaerobic metabolism with an increased produc-
tion of lactic acid, a cascade which if not cor-
rected will end up in infarction. Within the initial 
few hours after injury, the cerebral arteriovenous 
oxygen content difference (systematic arterial 
oxygen content  – jugular venous bulb oxygen 
content) was abnormally high but then gradually 
decreased [23]. Hyperventilation may bring in an 
added insult in the form of reducing CBF and 
thus curtailing cerebral oxygenation [30]. In 
severely head injured patients, both the cerebral 
oxygen consumption (CMRO2) and CBF may be 
depressed. In some, the reduction in CBF and 
CMRO2 occurs in tandem, that is, following a 
reduction in CMRO2, secondarily there is a 
decline in CBF, but such a coupling is not seen in 
other patients, and the CBF may be less depressed 
than CMRO2 [31].

In one third of patients, the CBF passively 
changed as the CPP changed [25]. Patients with 
reduced CBF are susceptible to an exaggerated 
vasoconstriction during the process of acute 
hyperventilation. Almost 20% of patients are 
liable to develop a wide cerebral arteriovenous 
oxygen content difference (A-VDO2) secondary 
to hyperventilation [32]. The CBF has been found 
to be poorly maintained in response to hemor-
rhagic hypotension in experimental animals after 
TBI [33]. Thus, in order to achieve a promising 
cerebral circulatory profile, it is incumbent to 
control intracranial hypertension, maintain an 
adequate level of CPP and preserve the CBF in its 
physiological limits as far as possible.

The plasma norepinephrine levels inversely 
correlate with the initial Glasgow Coma Score 
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(GCS) [34]. This could perhaps account for the 
tachycardia, hypertension and elevated cardiac 
output seen in patients following head injury and 
it could also account for the raised intracranial 
hypertension. Respiratory depression also fol-
lows immediately after severe head injury lead-
ing to ventilation-perfusion mismatch if there has 
been aspiration of vomitus or concomitant neuro-
genic pulmonary edema [35].

1.8	 �Pressure–Volume Curve

As pointed out earlier, the cranium is a semi-
closed and non-yielding box. The contents inside 
the cranium are incompressible and the only way 
open to avoid a rise in the ICP is for the CSF to 
shift from within the skull to the spinal subarach-
noid space or else its absorption is hastened or 
enhanced. Thus, an increase in volume of one of 
the compartments, for example, brain the form of 
a hematoma ushers in the compensatory mecha-
nisms to help maintain a normal ICP. There is a 
flat curve depicted as 1 and 2 and a steep curve 
represented as 3 and 4 (Fig. 1.3). Initially as the 
mass inside the cranium enlarges or in other 
words, as the volume increases, such as a hema-
toma developing after head injury, the compensa-
tory mechanisms come in to play and prevent any 

rise in the ICP and maintain it within the normal 
limits (0–10 mmHg). Eventually the compensa-
tory mechanisms get exhausted and give way, 
and it is at this particular stage that even very 
small increases in volume results in marked rises 
in pressure. If appropriate steps are not speedily 
taken to reduce the ICP, the CPP falls drastically 
reaching its critical level. Such a scenario is asso-
ciated with a significant reduction in the CBF. The 
CBF ceases altogether once the ICP equals mean 
arterial pressure (MAP).

Thus, all those agents that cause a slight 
increase in CBF and CBV should be strictly 
avoided as they would cause a steep rise in 
ICP. Treatment should be instituted when the ICP 
exceeds 20 mmHg [36].

1.9	 �Autoregulation

The autoregulatory response of the brain com-
monly referred to as autoregulation is a compen-
satory response which helps maintain a constant 
and stable CBF over a wide range of CPP ranging 
from 50–150  mmHg. To put it in simplified 
words, the cerebral vasculature dilates when 
there is a decline in CPP and constricts when 
there is a rise in CPP (Fig. 1.4). The caliber of 
intracranial vessels alters automatically, that is, 
vessels dilate if perfusion pressure is low or if 
metabolic activity in one of the region is high 
thus maintaining a stable CBF in the face of 
changing MAP/CPP.  This sterling property 
exhibited by the cerebral vasculture is mediated 
by the myogenic phenomenon inherent in the 
vasculature to maintain a constant flow of the 
CPP and thus prevent an overspill of blood flow 
causing cerebral edema or else allowing the CPP 
to reach its critical threshold leading to cerebral 
ischemia together with its adverse effects. The 
neurogenic influences on the contrary exhibit 
very slight or negligible effects on the cerebral 
vasculature and ranges from 5% to 10%. When 
the CPP falls below 50 mmHg or else exceeds its 
upper limit of 150  mmHg, the flow becomes 
entirely dependent on the perfusion pressure or 
becomes passive. In situations, in which the auto-
regulation is maintained as in normal persons, an 
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Fig. 1.3  Compensatory mechanisms help maintain the 
pressure within the intracranial vault stable as the volume 
of a space occupying lesion shows a rise [1]. But the intra-
cranial pressure shows a marked rise as these compensa-
tory mechanisms get exhausted [2]
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increase in mean arterial pressure(MAP) is ben-
eficial as it brings about a reduction in ICP owing 
to the compensatory vasoconstriction mediated 
by the autoregulatory response [37]. However, 
the problem sets in when the autoregulatory 
response is impaired as seen in patients following 
TBI. In such a clinical scenario, those in whom 
the lower limit of autoregulation has been shifted 
to the right would perhaps derive some benefit if 
the MAP is kept at level above the normal range 
[38]. The autoregulation is not only not impaired 
but preserved and shifted to the right necessitat-
ing a higher CPP to help maintain CBF.  It is 
argued that a higher CPP would curtail ICP by 
causing a reduction in the CBV and brain edema 
through autoregulatory vasoconstriction. 
Following head injury, the autoregulatory gets 
impaired and as a result a decline in CPP most 
likely causes a drop in CBF thus setting in a stage 
for cerebral ischemia – one of the most dreaded 
complications encountered in patients with TBI.

The lower limit of autoregulatory curve of 
50 mmHg has been challenged of late, and it is 
being postulated that the lower limit maybe 
closer to 70  mmHg [39]. However, it is to be 
grasped that the lower limit of autoregulation 
indicates that this is the point at which CBF starts 
to decrease rather than the point at which isch-
emia ensues. Head injured patients have little 
reserve in intracranial elastance so that small 
increases in intracranial volume may cause sig-
nificant increases in ICP.  As the physiological 
basis for cerebral autoregulation lies in vasodila-

tion and a consequent increase in CBV, ICP may 
actually rise as the blood pressure falls in the 
patient with intact autoregulation but decreased 
reserve. This may be the basis for increases in 
ICP with drugs that lower MABP such as sufent-
anil and is the basis for considering maintenance 
of CPP above 70 mmHg when ICP is elevated as 
in head injured patients [38].

Intracellular acidosis ensues once the CBF 
falls below 18 ml/100G /min, and electrical activ-
ity ceases at 12 ml/100G/min. A total of 50% of 
the oxygen delivery is normally utilized to main-
tain electrical activity of the brain and the rest of 
the 50% is channeled to maintain cellular integ-
rity. When the CBF falls to a critical level of 12 
ml100G/min, electrical activity ceases in the form 
of silent EEG as the CBF is diverted to maintain 
the much need cellular integrity. However, if 
CBF shows a further decline to values as low as 
8 ml/100G/min., cellular death ensues.

Autoregulation is undoubtedly impaired fol-
lowing TBI and a CBF is maintained at higher 
values of CPP from 60 to 70 mmHg to prevent 
adverse sequelae.

1.10	 �Diagnosis

Clinical assessment is of value and may help in 
averting an impending danger in these patients. 
Head injured patients may have marked hyper-
tension, and bradycardia or tachycardia which 
are attributed to actual or impending medullary 
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ischemia. This Cushing response is perhaps 
natures’s endowment in helping the brain to pre-
serve its perfusion. The hypertension occurring 
in patients with TBI requires treatment, but there 
is no consensus as to which level it should be 
adjusted. Although hypertension is hazardous, 
but some patients may tolerate blood pressures as 
high as 160 or 170 mmHg [40].

A neurological examination comprising 
Glasgow Coma Score (GCS) to test overall brain 
function, and pupillary light responses, and occu-
locephalic or vestibulocochlear reflexes to be 
tested in all comatose patients. However, com-
puted tomographic (CT) scan is regarded as the 
gold standard imaging technology in the diagno-
sis of acutely head injured patients. Magnetic 
resonance imaging (MRI) is of value in detecting 
lesions not detectable by CT scan and it entails 
time and thus is of limited value in TBI patients 
when time is of utmost value. A CT scan is 
required in all TBI patients except the ones who 
are asymptomatic. It is to be emphasized that 
patients with GCS score 14 or 15 with loss of 
unconsciousness documented, amnesia, seizure 
attacks, focal neurological deficits and evidence 
of skull fractures should all have a CT scan [41].

Traditionally head injured patients are classi-
fied depending upon the severity of injury and the 
GCS obtained upon evaluation into mild head 
injury (GCS = 14–15), moderate head injury 
(GCS = 9–13), and severe head injury (GCS ≤ 8) 
and management strategies and protocols initi-
ated depending upon the severity of the case.

1.11	 �Classification

Head injury for simplicity can be classified as 
mild, moderate or severe depending upon the 
impact of injury and its effects on the cardiovas-
cular and neurological systems. In mild traumatic 
head injury, a CT scan is recommended except 
for those cases that are truly asymptomatic. If 
for any reason a CT scan cannot be obtained, the 
patient should preferably be hospitalized for sur-
veillance. Although the majority of these cases 
recover fully, a small percentage can deteriorate 
rapidly because of having sustained a serious 

insult. In one series of patients, in 30% of the 
patients except for a mild headache, other signs 
and symptoms such as loss of consciousness, 
amnesia or vomiting were not reported; how-
ever, about 40% had either a skull fracture, focal 
neurological deficit or an extra cranial lesion ( 
42). Although these cases are termed mild as far 
as head injury is concerned, extra cranial inju-
ries if present can significantly affect mortality. 
Likewise age, use of anticoagulants, use or bet-
ter say abuse of alcohol, and the presence of a 
nonoperable small hematoma on CT scan can 
again be of high import in influencing the over-
all mortality. It has been recommended that these 
patients should report for a follow-up visit with 
in 1 month. Moderate head injury patient require 
hospital admission as the risk of neurological 
deterioration is almost 20%. A second CT scan 
should be normal. Upon discharge, they should 
report for a follow-up check up with in 1 week.

Patients with severe head injury need emer-
gency care and management. The airway, breath-
ing and circulation should receive our top most 
attention because both hypoxia and hypotension 
are highly detrimental and can aggravate the 
precarious situation of the patient. Endotracheal 
intubation should be performed in all patients 
with a GCS of ≤8. Care should be exercised dur-
ing intubation in patients with cervical injuries 
and a neurological assessment performed before 
sedating the patient or paralyzing the patient 
with neuromuscular blocking drugs. Electrolyte 
imbalance should be corrected and hemodynamic 
stability ascertained. Both hyponatremia and 
hypomagnesemia should be corrected as both 
lower the seizure threshold. Control CT scans 
should be obtained if there is worsening of the 
neurological status such as a decline in the level 
of consciousness, progressive pupillary asymme-
try or hemiparesis.

Since head injury is an evolving pathology, 
aggressive management and intensive care is of 
pivotal importance.

The GCS (Table 1.1) is invaluable to evaluate 
the deteriorating neurological status of patients 
with head injury. Patients who have sustained 
head injury can be categorized into four grades 
according to the level of consciousness as under:
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Grade I: It comprises those patients who have 
had transient loss of consciousness but are 
alert now and have no neurological deficit.

Grade II: It refers to those patients who are exhib-
iting impaired level of consciousness but 
retaining the ability to follow commands. The 
patients may be alert but a focal neurological 
deficit may be present.

Grade III: It encompasses patients with a dis-
torted level of consciousness who are unable 
to follow commands.

Grade IV: It includes those patients who display 
no evidence of brain function and the brain 
appears biologically dead.

This grading helps the physician in determin-
ing the severity of brain damage and thus predict-
ing the ultimate outcome. However, the GCS is 
more accurate in evaluating the level of con-
sciousness. The score made by a patient depends 
upon the patient’s response to certain parameters 
such as eye opening, verbal response and motor 
response as appears in the table (Table 1.1).

The GCS is undoubtedly of value but falls 
short of an ideal parameter or assessment tool 
because it fails to include the lower brain stem 
reflexes such as the corneal and the calorics 
and does not take other valuable indices into 
consideration such as the pulse, blood pressure 
and the respiratory patterns of the patients with 
head injuries. The GCS helps in evaluating the 
level of consciousness but should preferably 
be combined with other parameters. The level 

of consciousness, the degree of amnesia or 
retrograde amnesia must be correctly sought 
while examining these patients. If a patient can 
recall the incident or the events immediately 
preceding it, one can be almost 99% sure that the 
patient has not sustained a severe head injury.

Bedsides the GCS, focal signs and symptoms 
also help in assessing the gravity of the head 
injury. Increased reflexes noteworthy on one side 
suggest irritability in that particular area. Initially 
only a limp may be noticed in a limb, but frank 
paralysis signifies a contralateral hematoma.

Localized brain injury or a hematoma may 
present in the form of focal fits. Widely fixed 
dilated pupils with or without a concomitant nys-
tagmus is suggestive of a widespread cerebral 
injury and carries bad prognosis. Dilation of the 
pupil usually on the ipsilateral side is frequently 
seen in transtentorial herniation and occurs as a 
result of compression of the third cranial nerve. 
Again, it should be noted that cranial nerve pal-
sies are also a frequent accompaniment of cere-
bral injury.

1.12	 �Intracranial Hypertension

A strong association between elevated ICP and 
poor outcome after a severe head injury has been 
well established. Again it has been stated that 
the reduction of elevated ICP improves outcome 
after TBI. Thus, it is essential to understand the 
pathophysiology of intracranial hypertension so 
that remedial measures can be adopted to cur-
tail the intracranial hypertension in itself and to 
prevent any sequelae secondary to a raised intra-
cranial hypertension. There is a convincing and 
compelling argument to control ICP because a 
strong association between an ICP >20  mmHg 
and poor outcome has been well documented 
[42]. The pathophysiology of intracranial hyper-
tension is complex. Under normal physiological 
conditions, the blood brain barrier (BBB) serves 
as a semipermeable membrane, thus preventing 
the influx of fluid from the cerebral capillar-
ies into the brain parenchyma. The actual flow 
of fluid into the brain parenchyma however is 
determined by the transcapillary hydrostatic 
pressure gradient and the osmotic pressure gradi-

Table 1.1  GCS score in head-injured patients

Parameter Response Score

Eye opening Spontaneous
To sound
To pain
No response

4
3
2
1

Verbal response Oriented
Confused
Inappropriate word
Incomprehensive sound
None

5
4
3
2
1

Motor response Obeys commands
Localizes pain
Normal withdrawal
Abnormal flexion
Extension
Nil

6
5
4
3
2
1
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ent. When the BBB is intact, serum osmolarity 
rather than oncotic pressure controls water move-
ment in and out of the brain. However, when the 
BBB is seriously disrupted, oncotic pressure may 
become more important in the determination of 
ICP as small molecules such as sodium and sim-
ple sugars are no longer anatomically excluded 
from the brain [43]. This scenario is clinically 
evident and seen in head trauma. The BBB as 
the name implies serves as a barrier in that it is 
relatively impermeable to small salutes and pro-
teins. Having said that following head injury or 
trauma, the BBB no longer serves as a barrier to 
proteins and electrolytes and thus their flow is 
facilitated across the disrupted BBB. Hydrostatic 
pressure thus becomes the driving force for fluid 
to move from the intravascular space into the 
brain parenchyma [44]. The influx of fluid into 
the brain parenchyma or tissue initiates a cascade 
of events such as an increase in ICP colloquially 
termed as intracranial hypertension, a decrease 
in CPP, cerebral hypoxia and an onslaught of 
secondary brain injury and its attendant devas-
tating sequelae, and in such a complex scenario, 
our role as clinicians is to interrupt this ongoing 
vicious cycle and restore a physiological melieu 
in the intracranial compartment. Mannitol rec-
ommended as an osmotic agent of choice by both 
the brain trauma foundation, and the European 
Brain Injury Consortium [45, 46] improves CPP 
and cerebral oxygenation owing to its effects on 
blood rheology and cardiac output.

An improvement in cerebral oxygenation 
induces cerebral artery vasoconstriction and sub-
sequent reduction in CBV and ICP. Furthermore, 
it also brings about a substantial reduction in CSF 
production, which has a prolonged effect in 
reducing ICP via the Monro-Kellie doctrine [47].

1.13	 �Intracranial Pressure 
Monitoring and Treatment 
Strategies for Intracranial 
Hypertension

Head-injured patients have little reserve in intra-
cranial elastance so that small increases in intra-
cranial volume may cause significant increase 
in ICP.  As the physiological basis for cerebral 

autoregulation lies in vasodilation and a conse-
quent increase in CBV, ICP may actually rise as 
the blood pressure falls in the patient with intact 
autoregulation but decreased reserve. This may 
be the basis for increases in ICP with drugs that 
lower mean arterial blood pressure (MABP) such 
as sufentanil and is the basis for considering 
maintenance of CPP above 70 mmHg when ICP 
is elevated as in head-injured patients [38].

As ICP monitoring entails its own risks such 
as parenchymal injury, infection, hemorrhage, 
malfunction or malposition, it is solely recom-
mended in patients with GCS ≤ 8 with moderate 
head injury coupled with repeated CT scans in 
the first 12 h [41]. The gold standard technique 
for ICP monitoring is a catheter inserted into the 
lateral ventricle, usually via a small right frontal 
burr hole. This is connected to a standard pres-
sure transducer via a fluid-filled catheter. After 
TBI, treatment is instituted when the ICP exceeds 
20 mmHg [36]. When the ICP exceeds 20 mmHg, 
prompt measures have to be adapted because a 
raised ICP adversely affects the CPP (MAP-ICP) 
and its attendant sequelae. It has been stated that 
an ICP >20 mmHg entails poor neurological out-
come and thus emergent measures for its reduc-
tion should be instituted. In patients with head 
injury, a CPP below 60 mmHg is associated with 
a poor outcome and grim prognosis, but a CPP 
above 60 mmHg has little influence on patients 
with intracranial lesions [48]. Again hypotension 
episodes and hypoxemia are highly dreaded com-
plications in the face of raised ICP as both are 
associated with a poor outcome in patients with 
severe traumatic brain injuries [49].

Regarding treatment for raised ICP, the funda-
mental principle is to remove any space occupy-
ing lesion and restore the arterial blood gases to 
their normal values. Some patients may still 
exhibit signs and symptoms of raised ICP, 
although the expanding mass has been removed. 
Under such circumstances, the following treat-
ment strategies should be employed.

	1.	 Mannitol: 100  ml of 20% mannitol infused 
over 15 min establishes a sufficient osmotic 
gradient to quench the brain of its added 
water. The method of infusion is effective 
and buys time before a planned craniotomy. 
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Since 6 hourly infusion of mannitol can 
cause acute tubular necrosis and causes high 
blood pressures, it is seldom used unless 
highly indicated.

	2.	 Hyperventilation: The aim of hyperventila-
tion is to promote mild hypocapnia (PaCO2 
of 30–35 mmHg) which causes vasoconstric-
tion thus lowering CBV and hence ICP.  In 
some patients, the intracranial complex adapts 
itself to the new PaCO2 levels after some 
hours and the ICP again shoots to its previ-
ous levels. Hyperventilation below the values 
mentioned above can be used temporarily 
before the initiation of further medical or sur-
gical therapies as part of a treatment plan for 
excessive rises in ICP. Levels of PaCO2 below 
25  mmHg are not to be targeted but in fact 
should be strictly avoided as it brings drastic 
reductions in CBF which would be halved if 
the PaCO2 level reaches 20 mmHg. Moreover, 
extreme hyperventilation can cause arte-
rial hypoxemia and this is seen specially in 
those patients whose cerebral circulation is 
already on the brink of inadequacy. Repeated 
blood gas analysis should be performed and 
PaCO2 levels checked because lower values 
can usher in intracerebral steal syndrome as 
blood gets shunted from the normal brain to 
the ischemia brain and thus make things all 
the more complicated and worse by causing 
hyperemia, cerebral vasodilation and diffuse 
brain swelling. If correctly and timely applied, 
hyperventilation not only ensures adequate 
oxygenation but at the same time guarantees 
CO2 removal and both these effects provide 
hyperventilation its special esteem and place 
in the realms of critical care management of 
patients with head injury.

	3.	 CSF drainage: CSF drainage either intermittent 
or continual is an appealing option for the 
treatment of elevated ICP because it is devoid 
of causing adverse systemic effects. This 
method of treating raised ICP if applied once 
would fail to achieve its purpose because the 
CSF production is a continuous process and 
remains unaltered. On the other hand if with-
drawn in excess would cause collapse of the 
lateral ventricles. Thus, a continuous drainage 

has been advocated by some, but it should be 
kept in mind that lumbar drainage of CSF can 
promote uncal herniation in patients with 
supratentorial mass lesions and should be 
avoided in patients with effacement of the 
ambient cisterns [42].

	4.	 Barbiturate therapy: High-dose barbiturate ther-
apy is considered in traumatic brain-injured 
patients with high ICP refractory to other treat-
ments [50]. It reduces the metabolic rate and 
oxygen consumption by causing cerebral vaso-
constriction thus decreasing CBV and 
ICP.  Acceptable guidelines to institute high-
dose pentobarbital therapy include 30  min of 
ICP over 30 mmHg despite a CPP of 70 mmHg. 
Loss of pupillary reactivity commonly seen 
with high-dose pentobarbital therapy should not 
be considered as a treatment failure. Barbiturates 
induce burst suppression [51] which is consid-
ered as the goal of sedation. The barbiturate was 
guided by the bispectral index (BSI) with the 
infusion rate decreased if the BIS was <6 and 
increased if the BIS was >15 [52].

Pentobarbital is started in a loading dose of 
10 mg/kg over 1 h, followed by 5–10 mg/kg/h. 
for 3 h. Maintenance of the drug is adjusted at 
1 mg/kg/h. It should produce burst suppression in 
the electroencephalogram (EEG) with mainte-
nance of MABP over 60 mmHg (with dopamine 
infusion of 10–20 μ/kg/min if needed). The dose 
should not be increased if ICP reduction is not 
noticed during burst suppression. Except for a 
few studies that have shown encouraging results, 
the clinical results have failed to come up with 
convincing and unflinching benefit.

	5.	 Steroids: They have been found to be 
of benefit in the treatment of ischemia 
or traumatic damage. They are however 
useful in reducing peritumoral edema 
and for this reason, dexamethasone is 
used extensively in neurosurgery. High-
dose methylprednisolone with in 8  h from 
trauma is highly indicated if head injury is 
associated with acute spinal cord injury.

	6.	 Anticonvulsants: Although widely used, their 
role in prophylaxis in patients with head injury 
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remains controversial. Prophylactic antiepi-
leptic drugs are said to be effective in control-
ling early seizures, but no evidence exists that 
they would reduce the occurrence of late sei-
zures. Posttraumatic epilepsy occurs in about 
15–30% of severely head injured patients and 
in 5% of closed head injuries or minor head 
injuries. The incidence is high when the focal 
damage is near the Rolandic fissure. In the 
presence of cortical contusion around the epi-
leptogenic area, in the acute phase of subdural 
hematoma, open skull fractures with dural or 
cortical lacerations and patients with severe 
head injury, anticonvulsant therapy is recom-
mended. Following that if the CT scan is nor-
mal and there are no seizures, treatment is 
discontinued otherwise it is continued for a 
period of 1 year. Phenytoin is the commonly 
used drug. It is started in a loading dose of 15 
and 1 mg/kg as a maintenance drug.

	7.	 Sedative drugs: A struggling and gagging 
patient can make matters worse, therefore 
sedation is required. Diazepam is a valuable 
drug because of its skeletal muscle relaxant 
property and because it causes a reduction in 
CBF and cerebral metabolic oxygen con-
sumption. Midazolam and propofol have also 
been effective when used in sedative doses. 
When an unconscious patient becomes rest-
less, think of two things. Either he has a full 
head or a full bladder. Thus, a full bladder 
should not be forgotten as the cause of rest-
lessness and an indwelling catheter placed in 
all unconscious patients.

It is to be remembered that pain and anxiety 
may produce a marked rise in oxygen uptake and 
CBF because they initiate arousal type of 
responses. Therefore, some advocate narcotic 
analgesics such as morphine and fentanyl even in 
nonresponding patients coupled of course with 
controlled mechanical ventilation.

	8.	 Diuretic therapy: Among the diuretics, man-
nitol enjoys widespread popularity based on 
its effect on volume expansion causing an 
increase in CPP and in improving CBF 
because of causing a reduction in the blood 

viscosity. Lower doses initially are recom-
mended because of the risk of renal failure 
however, if the targeted effect is not achieved, 
larger doses can be tried but the serum osmo-
larity should preferably be kept <320 
mOSm/L.  Mannitol remains as the osmotic 
agent of choice [45]. It induces a change in 
blood rheology and increases cardiac output 
leading to improved CPP and cerebral oxy-
genation. It also causes a 50% reduction in the 
production of CSF, which can lead to a reduc-
tion in ICP [47]. A serum osmolarity exceed-
ing 320 mOSmol/L is associated with adverse 
effects renal and central nervous system 
effects [53]. Hourly infusion of mannitol can 
cause acute tubular necrosis and cause high 
blood pressures, and based on these unwanted 
effects are seldom employed.

Furosemide in doses ranging from 0.3–0.5 mg/
kg potentiates the diuretic effects of mannitol and 
helps enormously in causing shrinkage of the 
brain tissue.

	9.	 Hypothermia: There is no convincing report 
from clinical data as to whether hypothermia 
employed after TBI improves outcome or not 
[54]; however, there is an agreement that 
hyperthermia is potentially dangerous and 
should be avoided at all costs [55]

1.14	 �ICU Management of TBI

1.14.1	 �Mechanical Ventilation

Hyperventilation to the desired value is useful, 
but if the limits are exceeded, it can act like a dag-
ger with two sharp edges. If correctly employed, 
it not only ensures adequate oxygenation but 
at the same time guarantees CO2 removal, and 
both these achievements give hyperventilation 
its special esteem in the management of TBI 
patients. The arterial PCO2 should preferably 
be kept between 25–35  mmHg. Levels below 
25  mmHg are not in the interest of the patient 
because it can cause drastic reductions in CBF 
and thus initiate cerebral ischemia in a patient 
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whose cerebral circulation is already on the 
brink of inadequacy. Levels of PaCO2 should be 
closely monitored because excessive reductions 
in PaCO2 can usher in the intracerebral steal 
syndrome as blood gets shunted from the nor-
mal brain to the ischemia brain and thus make 
the scenario all the more complicated, worse and 
nonmanageable. Nevertheless, mechanical ven-
tilation is mandatory to control PaO2 and PaCO2, 
but those patients with TBI with added trauma to 
the lungs or in a state of shock needed additional 
ventilatory strategies such as positive end expi-
ratory pressure (PEEP) and inverse ratio venti-
lation to circumvent atelectasis [56]. Employing 
PEEP levels of 10–15 cmH2O should not be 
feared as these levels are regarded safe in patients 
with intracranial hypertension and severe chest 
trauma and incur no adverse effects on ICP and 
CPP [57]. The reduction in the functional resid-
ual capacity (FRC) and venous admixture due to 
atelectasis or pulmonary neurogenic edema can 
be restored to normal by employing PEEP, but 
these advantages according to some should be 
weighed against its disadvantages that include a 
rise in mean intrathoracic pressure reflected by a 
fall in MABP. The reduction in MABP and the 
rise in jugular venous pressure can further com-
prise the CPP and worsen the brain edema. PEEP 
may improve shunting by restoring the FRC to 
normal and by reducing hypoxic pulmonary 
vasoconstriction, but at the same time paradoxi-
cally may increase shunting by diverting pul-
monary blood flow to nonventilated regions of 
the lung. Thus, it should be adjusted depending 
upon the cardiovascular status and according to 
the other variable.

Similarly, inverse ratio ventilation did not 
bring significant changes in ICP, MAP and CPP 
when employed in a clinical study [58], but in 
rabbit model of raised ICP, it further increased 
intracranial hypertension [59].

A reduction in PaCO2 causes constriction of 
the cerebral vessels, decreasing CBF and CBV 
and thus decreases ICP. However, a reduction in 
CBF should be gauged with extreme caution as 
an increased ICP in these patients might already 
have decreased the CBF to its critical threshold 
of 18–20 ml/100 g of brain tissue per minute and 

any further reduction in it would lead to cerebral 
ischemia and an irreversible brain damage. 
PaCO2 has a profound influence on the cerebro-
vascular tone so much so that the CBF gets dou-
bled if the PaCO2 is raised to 80  mmHg and 
almost gets halved if PaCO2 drops down to 
20 mmHg.

Hyperventilation, however, is of value in life 
threatening situations such as acute elevations in 
ICP and should not be routinely employed 
because the extracellular space of the brain 
accommodates itself to any hyperventilation 
induced PH change [60].

1.14.2	 �Hypotension and Hypoxia

Both of these secondary insults adversely 
affect the outcome of TBI patients and should 
be avoided under all circumstances. Hypoxia 
is a natural sequela in seriously head injured 
unconscious patients. As we all know the brain 
is highly dependent upon oxygen to perform its 
skilled functions because anaerobic glycolysis 
to lactic acid is far from being sufficient to meet 
cerebral energy demands. Thus, any reduction in 
the oxygen supply to the brain can be hazardous 
and often lethal. Hypoxemia and ischemia limit 
the oxygen availability as dilated upon in the 
aforementioned paragraphs. Insufficient oxygen 
as a result of curtailment in the CBF is extremely 
hazardous to the brain. When hypoxia ensues in 
patients with head injuries, the cerebral vessels 
undergo marked vasodilation. This dilatation 
could be a compensatory phenomenon and per-
haps a blessing in disguise to promote a rise in 
CBF to circumvent the adverse effects second-
ary to a hypoxic insult. To compensate for less 
oxygen per unit of blood, vasodilation helps in 
promoting an increased blood supply to the brain 
and hence forth more oxygen is made available 
to the brain in such critical situations. However, it 
should not erroneously deducted that hypoxia is 
beneficial as it helps in providing the needed oxy-
gen by causing an increase in CBF. If the PaO2 
falls to 20 mmHg, the stimulus for vasodilation 
becomes maximum, and a further reduction in 
PaO2 leads to anaerobic glycolysis.
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Hypoxia by inflicting serious lethal blows 
finally affects the cellular Na+-K+ pump and inac-
tivates it. Subsequent to this inactivation, K+ 
leaks out of the damaged cells, and as the pump 
remains out of order, K+ cannot be pumped in. 
Ischemia, which is always accompanied with 
hypoxia, brings about an increase in brain osmo-
larity and a reduction in serum osmolarity, thus 
favoring shift of fluid inside the brain paren-
chyma. Thus, hypoxia whether hypoxic hypoxia 
or anemic hypoxia can exacerbate the existing 
edema by causing release of substances, ionic 
shifts as well as the production of lactate. The 
energy stores of the brain are marginal and do not 
tolerate these hypoxic episodes. In the same con-
text, a rise in PaCO2 brings about marked cere-
brovascular dilation which further worsens the 
prevailing edema and eventually causes a marked 
rise in ICP [61].

It has been stated in several studies that 
there is a direct correlation between systemic 
hypotension and poor outcome and a single 
episode of hypotension could well double 
the mortality [45, 62]. Similarly intraopera-
tive hypotension has grave consequences and 
results in a three-fold increase in mortality [63]. 
Although an association between early hypoxia 
(SPO2 < 90%) and poor outcome does exist [64, 
65]; however, the association is not as strong as 
for hypotension.

1.14.3	 �Hyper or Hypoglycemia

Hyperglycemia may occur if the glucose load is 
too much. It would not occur if the glucose 
administration is slowly or gradually increased, 
thus allowing the body ample time to produce 
endogenous insulin to meet the needs and tackle 
the load. However, if it does occur, it can be ade-
quately controlled by curtailing the glucose 
administration or else administering insulin. 
Stress, trauma, infection and the use of drugs 
such as corticosteroids and glucagon can precipi-
tate hyperglycemia. The onset of hyperglycemia 
is taken as a bad omen because it is deemed as the 
conclusive sign of developing sepsis in a previ-
ously euglycemic patient.

Hyperglycemia is predictive of an unfavorable 
outcome and is related to impaired pupillary 
reaction and intracranial hypertension [66]. Many 
clinical trials have correlated neurological out-
comes and concluded that hyperglycemia wors-
ens the severity of traumatic brain injury [67, 68].

Hypoglycemia on the other hand may occur in 
patients on glucose infusions if their infusions 
are suddenly halted.

1.14.4	 �Hypothermia

Hypothermia has generally being regarded as 
neuroprotective, but there is no convincing report 
from the clinical data as to whether hypothermia 
improves outcome or not [54]. However, there is 
an agreement that hyperthermia is deleterious 
and is to be avoided at all costs [55].

1.14.5	 �Hyponatremia 
and Hypernatremia

Dilutional hyponatremia is characterized by 
signs of nausea, emesis, apathy, coarse mus-
cular fibrillation, generalized muscle irritabil-
ity, disorientation and frank convulsions. These 
signs would ensue once the serum sodium level 
falls to 115–125 mEq/L. Hyponatremia hastens 
the shift of water and ions inside the brain, thus 
aggravating the edema that exists already or 
else is in the process of evolution. Hypotonic 
solutions under these circumstances would be 
harmful, and therefore, water restriction and 
salt solution should be considered. While treat-
ing hyponatremia, some resort to give normal or 
even hypertonic saline right at the start. However, 
if hyponatremia is mild, all that is required is to 
withhold fluids. If serum sodium level falls below 
115 mEq/L, sodium replacement becomes a com-
pulsion and must be carried out to raise the level 
of sodium to 135  mEq/L.  Balanced salt solu-
tions can be employed to maintain the sodium 
levels in the range of 140–150 mEq/L. But their 
continued or chronic administration should be 
timed and adjusted with the serum sodium lev-
els. The patient with head injury has absolutely 
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no incentive or urge to drink water attributed 
to confusion and disorientation that commonly 
accompanies such injuries. Water loss may also 
ensue as a result of osmotherapy or diabetes 
insipidus. Hypernatremia is further enhanced 
by administering sodium penicillin or sodium 
administration. Signs include delirium, hyper-
reactive reflexes, muscle twitching and brain 
damage especially in children. The sodium input 
varies from as little as 30–40  mmol/24  h to as 
high as 400–600  mmol/24  h if there is exces-
sive obligatory loss. The usual input however is 
120 mmol/24 h.

1.14.6	 �Fluids, Blood and Blood 
Products

Both mannitol and furosemide cause massive 
diuresis. A total of 65–75% of the urine output is 
to be relapsed with half normal saline and potas-
sium supplements. Losses that are in excess are 
to be replaced with Ringer lactate so as to keep 
the serum sodium level within the range of 140–
150  meq/L.  Packed red cells should be started 
immediately if the hematocrit level falls below 
30% because low levels of hematocrit would 
cause anemic hypoxia and play havoc with the 
already traumatized and injured brain [61].

1.14.7	 �Surgical Options

Surgical exploration is required to remove an epi-
dural, subdural or intracerebral hematoma. An 
epidural surgical drain at the end of craniotomy 
and its attachment to a vacuum drainage system 
and the application of negative pressure to the 
epidural space led to bradycardia which improved 
after release of vacuum [69]. Others are of the 
opinion that the intracranial suction drainage is 
hazardous and of questionable value and innu-
merate other causes that can lead to a bradycardic 
response such as vagal response, closure of crani-
otomy around a tense brain and cardiac decom-
pensation [70].

If ICP remains elevated despite utilizing the 
standard and prevailing protocols, and when a CT 

scan demonstrates diffuse and generalized edema 
without a mass lesion, a bifrontal craniotomy is 
indicated [71]. Decompressive craniotomy if per-
formed early may reduce the mortality rate and 
increase the conscious recovery rate [72]. 
Similarly, it has been reported that decompres-
sion craniotomy could attain social rehabilitation 
in 25% of severely head injured patients with a 
high risk of brain death [73].

A 40-year-old male who met a road accident was 
brought to our centre with severe head injury, acute 
subdural hematoma and severe brain edema (Fig. 
1.5a). Decompression craniotomy performed upon 
arrival which resulted in resolution of edema and 
normal lateral ventricles (Fig. 1.5b). Subsequently 
the patient developed trephine syndrome (Fig. 
1.5c). A cranioplasty was performed (Fig. 1.5d) and 
the patient rehabilitated fully and returned to his 
work. This case demonstrates the role of decom-
pressive craniotomy at its earliest stage in tackling 
intractable massive brain edema and a concomitant 
epidural hematoma evolving within hours of sus-
taining head injury [74].

1.15	 �The CPP: What Is Our Target?

In our management of patients with TBI, a pleth-
ora of cerebral hemodynamics should be taken 
into consideration as there exists an extremely 
complex interplay between the CBF, CBV, ICP 
and a host of other factors that affect these vari-
ables leading to a worsened outcome and a pro-
portionally high morbidity and mortality [75]. 
Thus, it is imperative to maintain the CBF, arte-
rial oxygen content and cerebral metabolic rate 
of oxygen consumption in these critical patients. 
Although among all the variables the CPP has 
been addressed the most; nevertheless, it has 
always remained as a bone of contention and 
there is hardly any consensus about the exact 
figure of CPP to be maintained in TBI patients. 
CBF is determined by both the CPP and cere-
brovascular resistance (CVR) and is expressed 
as CBF = CPP/CVR [76]. However, it has to be 
mentioned that a host of other physiological fac-
tors such as PaO2, PaCO2, PH,CMRO2 and glu-
cose affect both the CBF and the CVR. The basic 
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tenet of our understanding is that autoregulation 
helps in maintaining a stable and a constant CBF 
over a CPP ranging from 60–150 mmHg. Above 
and below these figures, the myogenic phenom-
enon governing the arteriolar diameter gives 
way and the flow becomes pressure dependent. 
In normal persons with normal autoregulatory 
response, an increase in MAP is beneficial as 
it brings about a reduction in ICP owing to the 
compensatory vasoconstriction mediated by the 
autoregulatory response. On the contrary in TBI 
patients, when the autoregulatory response is 
impaired, the lower limit of autoregulation has 
been shifted to the right and thus perhaps would 
derive some benefit if the MAP is engineered 
and kept at a level above the normal range [37]. 
Thus seemingly, the autoregulation is not only 
not impaired but in fact preserved and shifted to 
the right thus necessitating a higher CPP to help 

maintain the CBF. It is also argued that a higher 
CPP would curtail ICP by causing a reduction in 
the CBV and brain edema through autoregulatory 
vasoconstriction. Rosner and Johnson [38] main-
tained CPP above 70 mmHg and at times raised it 
to 80–90 mmHg on the valid assumption that the 
traumatized brain shows a greater hunger for a 
higher CPP compared to the normal brain.

In sharp contrast to this theory, others claim 
that TBI patients exhibited cerebral hyper fusion 
and thus suggested hyperventilation to improve 
CBF/Oxygen extraction coupling which helps 
in curtailing ICP [76]. Again, the Lund concept 
states that when the autoregulation is impaired 
as is seen in TBI patients, there is an increase 
in CBF and capillary hydrostatic pressure sub-
sequent to a spike in blood pressure precipitat-
ing intracranial hypertension and aggravating 
the already present or existing cerebral edema. 

a b

c d

Fig. 1.5  40-year-old man with road accident: Brain CT 
scan on admission. (a) Acute sub-dural hematoma(Rt. 
Side) (b) Post-op CT scan 10 days after operation, bone 
flaps from frontal and parietal lobes are removed (decom-
pressive craniectomy performed) (c) Post-op CT scan 

20 days after operation, Trephine syndrome is seen, that 
is, bilateral hemispheres are compressed because of atmo-
spheric pressure (A known side effect of decompressive 
craniectomy) (d) Post-cranial reconstruction, collapsed 
brain, is recovered with bone flap replacement
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Under such a tenuous pathological state of intra-
cranial compliance and impaired autoregulatory 
scenario, a logical approach would include a 
reduction of the capillary hydrostatic pressure, 
establishing normovolemia and a normal colloid 
oncotic pressure apart from preventing cerebral 
vasoconstriction by maintaining optimal cere-
bral oxygenation and hyperventilation [77]. 
Clinical evidence suggests that the CPP is lower 
after TBI and is deleterious as it worsens the 
neurological outcome. However, there is little 
evidence from randomized clinical trials to sup-
port a specific CPP target.

The lower limit of the autoregulatory curve 
may be closer to 70 mmHg rather than 50 mmHg 
[39]. However, it is to grasped that the lower limit 
of autoregulation indicates that this is the point 
at which the CBF starts to decrease rather than 
the point at which ischemia ensues. The universal 
strategy has been to bring about a reduction in 
brain edema or brain bulk and at the same time 
maintain arterial blood pressure, thus preserving 
an optimal CPP. However, the dilemma about an 
optimal CPP remains unresolved, but most agree 
in maintaining CPP above 60 mmHg [78]. In the 
same vein, the controversy widens further and it 
is being held that not only deliberate hyperten-
sion entails a risk for TBI patients [79], but there 
is hardly an evidence that controlled CPP affects 
the overall outcome [80]. This has been well doc-
umented by Cremer et al. [81] in their study that 
an increase in CPP was of value in those patients 
who had an ICP >20 mmHg and not in patients 
with an ICP <20  mmHg. An augmentation of 
CPP in the former group improved brain tissue 
oxygen partial pressure (PtiO2) and autoregu-
latory capacity and at the same time brought a 
reduction in ICP, but in the latter group failed to 
bring any improvement in the aforesaid variables.

Some have advocated CPP-directed manage-
ment and have emphasized in maintaining a CPP 
of 70 mmHg or higher [38]. This approach obvi-
ously prevents secondary ischemic insults, thus 
controlling ICP by preventing vasodilation sec-
ondary to hypotensive episodes. Others, however, 
have failed to notice a reduction in intracranial 
hypertension by instituting a CPP targeted man-
agement [82]. Fluid loading or vasopressor also 

entails the risk of cardio-respiratory complica-
tions if a target CPP is aimed at [79, 80].

In the same context, some are of the opinion 
that a rise in MAP in patients with impaired BBB 
and vasomotor tone can be transmitted to the cap-
illaries, resulting in a sudden rise in capillary 
hydrostatic pressure and subsequent brain edema. 
These authors in sharp contrast to others recom-
mend MAP reduction, thus facilitating CPP to 
values less than 50 mmHg [82].

Both SBP  ≤  90  mmHg and hypoxemia 
≤60 mmHg on admission substantially increase 
the risk of unfavorable outcomes [83]. Similarly 
in another study, hypotension proved to be a 
powerful predictor of adverse outcome [64]. The 
problem is further aggravated as the compensa-
tory cerebral vasodilation in response to hypo-
tension, hypoxemia and acute anemia is impaired 
after experimental TBI [84, 85], and such a 
state is seen in clinical scenarios as well. Severe 
traumatic brain injury may result in permanent 
neurological injury if compounded with uncon-
trolled bleeding [86]. The commonly associated 
approaches in tackling hemorrhagic hypotension 
include resuscitation with intravenous fluids and 
the use of vasoactive drugs. In one study con-
ducted on rats, the authors concluded that both 
saline in large amounts and phenylephrine pro-
duced an increase in blood loss and worsened 
neurological status or else decreased the overall 
survival, thus negating the strongly held notion 
that large amounts of saline or administering 
phenylephrine to maintain MAP >70  mmHg 
would improve outcome during the initial hours 
of hemorrhage following head trauma [87]. 
Possible explanations forwarded by these authors 
for the worsened outcome include a sudden 
increase in the ICP, dislodgement of thrombus, 
dilution of coagulation factors, cardiovascular 
compromise and a decreased CPP secondary 
to a rise in ICP. Their findings however do not 
deny the indispensable role of supporting the 
blood pressure in patients with head injury com-
pounded with shock.

Adequate volume management is pivotal in 
critically ill patients, especially in those with 
cranio-cerebral trauma. An aggressive fluid 
resuscitation strategy is needed to maintain an 
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appropriate CPP counteracting the increased ICP 
typically seen in these patients. A variety of infu-
sion solutions are available, among them blood 
products (e.g., packed red blood cells and plasma 
products ), crystalloids, for example, lactated 
ringer’s solution or normal saline and colloids, 
for example, gelatin, dextran , or hydroxyeth-
ylstarch (HES). HES 130/0.4 (6% voluven R) 
even in large doses is as safe as gelatin prepara-
tions [88] and interferes less with blood coagu-
lation and hemostasis [89]. In their study, Neff 
et  al. [90] found that HES 130/0.4 improved 
microcirculation and provided better rheologi-
cal properties compared to conventional 200/0.5. 
It is to be appreciated that in areas with normal 
autoregulation, a decrease in blood viscosity 
and hence a decrease in resistance to flow as a 
result of decreased blood viscosity is balanced 
by compensatory vasoconstriction. Thus, the net 
CBF remains unchanged. However, in areas with 
impaired autoregulation as in TBI, a decrease in 
viscosity is not accompanied by vasoconstriction 
with the result that the CBF would increase pro-
viding enough oxygen to the highly dependent 
traumatic brain tissue.

Although most clinical investigations would 
avoid hypotension, only a few argue based on 
experimental and clinical observations that arterial 
blood pressure should be aggressively increased 
in patients with at TBI [38]. After TBI, cerebral 
vascular dilation is impaired at previously “nor-
mal” blood pressure , which leads to a decrease 
in CBF. Ischemia is the basis of secondary brain 
injury after trauma [23] and systemic hypoten-
sion is associated with significant morbidity and 
mortality after TBI [64]. Basically all agree on the 
basic tenet that hypotension should be avoided at 
all costs (SBP ≤ 90 mmHg ) and a CPP maintained 
above 70 mmHg [90]. Based on this tenet, accord-
ing to some, the clinical outcome is improved 
in head injured patients if the CPP is kept above 
70  mmHg [38], but others have not supported 
this so-called aggressive strategy based on lack of 
agreement with this management paradigm. The 
Lund method or concept [91] not fully explored 
maintains CPP at levels as low as 50  mmHg. 
Talmor et  al. [92], however, failed to show any 
improvement during induced hypertension.

Different solutions have been employed in 
an attempt to bring an overall improvement in 
indices such as MAP, CPP and thus an improved 
neurological outcome. While using hypertonic 
saline (HTS), it has been claimed that it causes 
shrinkage of the brain tissue and thus a reduc-
tion in ICP. These beneficial effects are observed 
because it causes an osmotic gradient between 
the intravascular compartment and the intra-
cellular or interstitial compartments. Based on 
these properties, HTS is alleged to increase the 
circulating blood volume, the MAP and the CPP 
[93]. However, others could not demonstrate 
an improved outcome in TBI patients given 
HTS [94]. This latter study makes physicians 
more cautious in selecting HTS for augment-
ing volume resuscitation. Nevertheless, animal 
studies suggest that small volume resuscitation 
with HTS helps in maintaining hemodynamic 
stability and thus increase CPP and CBF and 
decreasing ICP [95]. We all agree that hyper-
tonic fluid improves intracranial compliance and 
CBF by dehydrating the injured brain. An intact 
BBB is needed for osmotherapy to be effective. 
HTS has been found to be more effective than 
mannitol in reducing ICP because of its longer 
duration of action of up to 500 min in contrast 
to 120 min for that of mannitol [96], but regard-
ing improved outcome, none is superior. HTS 
however is of value in patients with refractory 
intracranial hypertension as confirmed in many 
studies [97–99]. HTS (2 ml/kg, 7.5%) has been 
found to be both helpful and safe for intracranial 
hypertension episodes [100]. As for other cases, 
HTS has been reported to be associated with a 
poor outcome and increased in hospital mortality 
[101, 102]. Thus, a consensus is lacking regard-
ing its dosage, timing and frequency of admin-
istration . As reported, hypertonic-hyperoncotic 
solutions (HHS) may minimize tissue damage 
in the brain and heart and improve neurological 
outcome patients after resuscitation from cardiac 
arrest and may be useful in restoring both macro 
and microcirculation after shock and reperfusion 
[103]. The underlying mechanism involved is a 
shift of fluid from the endothelial cells into the 
intravascular space which improves conductance 
of the microcirculation.
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The rationale for hemodilution therapy is based 
on an observed correlation between reductions 
in blood viscosity and CBF. Hemodilution has a 
favorable effect on cerebral ischemia by augment-
ing CBF via one of the two mechanisms. The first 
mechanism is by decreasing viscosity of which 
hematocrit is the major determinant [104], while 
the second is a direct myogenic vasodilatory 
response to a reduction in oxygen content [105].

Presently, it is assumed that oncotic pressure 
has a negligible effect on brain edema formation 
[106], but others state that brain injury was 
greater in animals hemodiluted with lactated 
ringer’s solution than in animals hemodiluted 
with hetastarch [107].

It appears that TBI is a highly diabolical entity 
and no steadfast rules and guidelines exist in man-
aging these patients as the pathogenesis and the 
primary insult differs from case to case and like-
wise the secondary insults also differ. However, 
most agree that hypotensive and hypoxic episodes 
should be strictly avoided and all physiological 
variables such as MAP, CBF, CPP, ICP and arterial 
jugular venous oxygen saturations monitored as 
indicated and appropriate measures adopted if 
there are any alternations from the normal figures.

�Conclusion

Traumatic brain injury is an established cause 
of major morbidity and mortality. Osmotherapy 
is usually employed to promote an egress of 
water from the brain tissue thus decreasing 
intracranial pressure. The cerebral hemody-
namics and intracranial compliance should be 
optimized to ensure adequate cerebral blood 
flow. In cases of intractable brain edema, 
decompressive craniectomy can be the only 
plausible solution in salvaging the brain from 
additional insults of raised intracranial pres-
sure and its highly deleterious aftermath.
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Advanced Monitoring 
in Neurocritical Care: Brain Tissue 
Oxygen Pressure

Rafael Badenes and Armando Maruenda

2.1	 �Introduction

Our brain represents only 2–3% of the total body 
weight, but its activity comprises 25% of the total 
energy expended, and 20% of cardiac output goes 
toward it. Its high metabolic demands—the brain 
consumes between 25% and 45% of the oxygen 
that reaches it—as well as its incapacity to store 
glucose (its main energy substrate), oxygen itself, 
or high-energy phosphated molecules explain its 
total dependence on a continuous supply of sub-
strates through the bloodstream that make it pos-
sible to meet this demand.

The main objective of neuromonitoring is 
early detection, attempting through therapeutic 
measures to avoid or reduce secondary brain 
injury. Achieving this objective involves ensuring 
an adequate supply of oxygen to the brain.

The failure to maintain adequate cerebral oxy-
genation aggravates secondary injury. There is a 
direct correlation between episodes of cerebral 
hypoxia and the poor functional status of patients, 
as proved through the Glasgow Outcome Scale. 
This affects all types of neurocritical pathologies: 
subarachnoid hemorrhage (SAH), cranioence-

phalic trauma (CET), cerebrovascular accident 
(CVA), anoxic coma [1–3].

Hypoxia is defined as the decrease of tissue 
oxygenation—in this case, of brain tissue—to 
levels insufficient to maintain its function and 
metabolism. According to Siggaard–Andersen’s 
classification, there are seven types of tissue 
hypoxia [4]. The most frequent causes of cerebral 
hypoxia are ischemic hypoxia, due to a cerebral 
blood flow (CBF) lower than what the brain 
requires, generally due to increased intracranial 
pressure (ICP) and/or low cerebral perfusion 
pressure (CPP), without neglecting systemic 
causes such as hypocapnia or hypothermia from 
low oxygen extraction conditions (P50 low blood 
pressure) or from anemia. As a matter of fact, 
hyperoxia can also be harmful sometimes.

To detect hypoxia and/or tissue ischemia, we 
have a considerable diagnostic–therapeutic arse-
nal [5]. On the one hand, we have the variables 
that provide us with indirect information about 
the global cerebral blood flow (cerebral perfusion 
pressure, jugular bulb oximetry techniques, tran-
scranial Doppler, near-infrared spectroscopy 
(NIRS), and on the other hand, we have meta-
bolic (cerebral microdialysis) and blood parame-
ters (hemoglobin content, arterial oxygen 
saturation, partial pressure of oxygen, etc.) as 
well as the hemodynamic variables that are 
increasingly crucial to the survival of these 
patients [6]. The joint analysis of all these vari-
ables provides us with extremely valuable 
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information regarding tissue oxygen availability. 
However, none of these means offers direct infor-
mation about the degree of brain tissue 
oxygenation.

At the clinic, we currently offer the possibility 
of measuring O2 pressure directly from the ence-
phalic parenchyma [7]. The measurement of 
PtiO2 (partial pressure of brain tissue oxygen, 
measured in mmHg) is continuous, objective, 
direct, and in real time. The aim of this review is 
to provide a simple yet comprehensive view of 
the role that PtiO2 plays as a clinical monitoring 
method to locally quantify the degree of cerebral 
ischemia in neurocritical patients as well as its 
clinical application (Fig. 2.1).

2.2	 �Fundamentals

It is worth mentioning that tissue oximetry sen-
sors were originally designed to be used in 
transplants, as they were considered a very use-
ful tool to quantify the viability of the trans-
planted organ. In the brain, their initial 
directions were for the measurement of oxygen 
pressure in the cerebrospinal fluid in the field of 
animal testing [8] and then subsequently in 
humans [9].

Quantification of PtiO2 in the brain is done by 
inserting a small oxygen-sensitive microcatheter 
into the encephalic parenchyma. After the Kett–
White studies [10] it is assumed that the PtiO2 
value obtained corresponds to the partial pressure 
of oxygen at the end of the capillary network, this 
being an average value of the vascular, intracel-
lular, and extracellular compartments.

We currently have two types of invasive 
devices whose purpose is to measure tissue oxy-
gen pressure: one is Licox® (PMO Integra 
LifeSciences, Plainsboro, NJ) and the other is 
Neurovent® (PTO-Raudomedic Lifeline to 
Health, G). The main differences between them 
lie in the manner of detection, the depth of inser-
tion, and in the diameter of the area measured.

A third device, Neurotrend ® (Multiparameter 
Intravascular Sensor, Biomedical Sensors, Malvern, 
PA) determines, aside from PtiO2, CO2 tissue pres-
sure (PtiCO2) and tissue pH (pHti). Measurement of 
PtiO2 is done using optical luminescence. The oxy-
gen molecules disperse from the brain tissue in a 
silicone matrix and they change the color of a ruthe-
nium coloring. This change of color affects the fre-
quency of the halo of light emitted by a fiber optic 
filament, and this change in frequency then turns 
into a partial pressure of oxygen. At present, this 
device is no longer commercially available.

We make use of the LICOX® system. We per-
form its implantation in conjunction with the 
neurosurgical service, both in the intensive care 
unit and in the operating room. It is inserted by 
means of a threaded bolt (Fig. 2.2) which may be 
single or double lumen (one for PtiO2 and the 
other for ICP).

The catheter is inserted approximately 25 mm 
below the dura mater and finally placed in the 
infracortical white matter. Measurement of tissue 
oxygen pressure is done using a Clark-type 
polarographic electrode mounted on a catheter. It 
does not determine PtiCO2 or pHti. The part sen-
sitive to PO2, called revoxode (Fig. 2.3), is found 
5 mm from the intracranial tip of the catheter. It 
determines a mean tissue oxygen pressure within 
an area measuring 22 mm. In the sensitive area of 
the electrode, oxygen dissolves in an aqueous 
electrolyte solution at a pH of 7.4. The membrane 
has to be only permeable to oxygen. Oxygen 

Fig. 2.1  Multimodal neuromonitoring available at the 
patient’s bedside (Reproduced with permission from 
Fleckenstein [8], Deogaonkar [73])
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from the tissue disperses to the inside of the elec-
trode and is transformed into OH− ions in the 
cathode according to the reaction:

O2     + 2H2O + 4e- 4 OH- 

This reaction takes place in the (gold-coated) 
cathode of a polarographic circuit. The anode 
contains silver. The diffusion membrane has to be 
only permeable to O2 and it separates the electro-
lyte chamber from the tissue. The electrodes are 
calibrated during manufacture, in terms of sensi-
tivity, the zero point (in the absence of oxygen), 
and the thermal coefficient (sensitivity % with 
regard to degrees centigrade). The determination 
of PtiO2 depends on tissue temperature, with a 
variance of approximately 4.4% for each degree 
of change in temperature [10]. The Licox sys-
tem® makes it possible to continuously monitor 
brain temperature. The reduction of oxygen gen-
erates an electrical current, detected by a voltme-
ter that digitalizes the electrical signal, which 
appears as a numerical value on the front panel 
monitor (Integra Licox® monitor).

Although the INTEGRA® monitor was recently 
introduced at the clinic, numerous studies have 
proven that the PtiO2 monitoring method, thanks to 
the Clark-type polarographic electrode, is safe, 
reliable, and technically simple to assess cerebral 
oxygenation until 7–10  days after its placement. 
When brain T exceeds 39 °C, results may vary.

Neurovent® (PTO-Raudomedic Lifeline to 
Health, G), a new device for the measurement of 
PtiO2, was recently launched in the market. It is a 

Fig. 2.2  Double lumen threaded bolt (one for PtiO2 and the other for ICP). Intraparenchymal location in which the 
PtiO2 sensor is placed

Current measurement

700 mV polarization

LICOX

+

e-

-

Fig. 2.3  The revoxode is found at the distal tip, where the 
oxidation–reduction reactions that generate the electrical 
current that will determine the PtiO2 value will take place 
(ceded by GMS). (1) Oxygen diffusion membrane. (2) 
Polarographic cathode. (3) Cathode insulation. (4) Anode. 
(5) Electrolytic solution
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fiber optic catheter which is thicker than the Licox 
device, and is also meant for intraparenchymal 
use. The catheter itself has an ICP, temperature, 
and PtiO2sensor. It has a transducer (NPS 2, 
Raumedic) which enables connection to the ICU 
bedside monitors, such as those of Datex Omeda.

Neurovent® measures PtiO2 in the same way 
as Paratrend using the method of luminescence. 
Using in vitro comparison with the Licox system, 
both offer similar results in terms of accuracy and 
stability [11]. In animal testing, it has been 
observed that increases in ICP with CPP 
<30 mmHg match increases in the lactate/pyru-
vate ratio obtained through microdialysis and 
PtiO2 <10 mmHg, which would indicate cerebral 
ischemia [12]. Although some publications can 
be found at the clinic [13], there is still not enough 
evidence to interpret the meaning of the low 
PtiO2 values obtained by this device.

2.3	 �Method of Implantation

In accordance with the guidelines of our inten-
sive care unit, when we have a patient with 
instructions to monitor the ICP, we also monitor 
the PtiO2 and the temperature of the encephalic 
parenchyma. We do this by drilling a single burr 
hole and placing a double lumen (ICP and PtiO2) 
intracranial bolt.

As we have already mentioned previously, the 
Licox® sensors do not require calibration. Each 
sensor comes with a smart card containing a 
microchip, which will be inserted into the rele-
vant slot on the monitor when required (Fig. 2.4).

The sensor is systematically placed by a doctor 
from the neurosurgical service in the intensive care 
unit. With a minimal, single burr hole craniostomy, 
the threaded bolt is attached to the cranial vault. The 
bolt serves as a guide for the sensor’s introducer, by 
making a trajectory in the encephalic parenchyma. 
We insert the oximetry sensor through the intro-
ducer and then we attach it to the introducer. The 
microtrauma that results from sensor insertion into 
the encephalic parenchyma [14] makes the initial 
PtiO2 readings not have high levels of reliability 
until 40–120 min have passed according to the stud-
ies by Van den Brink [15] and Dings [16].

As regards the systematic assessment of vari-
ables such as sensitivity and the deviation from 0 
of the sensor, we do not do this routinely, based on 
the results published by Dings [17] and Poca [18].

With regard to the most suitable place to insert 
the PtiO2 sensors, opinions vary. On the one hand, 
there are those who advocate the implantation of 
the sensor on the healthy hemisphere, taking into 
account that this hemisphere can be extrapolated to 
all of the healthy tissue, with the purpose of “pro-
tecting” this healthy tissue from the appearance of 
the much-feared secondary injuries. On the con-
trary, it is worth mentioning that the most valuable 
information comes from the ischemic penumbra, 
considering as such the tissue surrounding the focal 
lesions [19]. The Consensus Conference on 
Neuromonitoring [20] suggests that the site of sen-
sor placement should be chosen individually, 
depending on the diagnosis, type, and location of 
the brain injury and the ease of insertion technique 
(strongly recommended, low level of evidence). 
After assessing the different opinions thereon, and 
in line with the published literature, at our intensive 
care unit, in case of diffuse injuries, we place the 
sensor on the right hemisphere in conjunction with 
the ICP. In the case of a focal lesion, we try to place 
the sensor in the more injured hemisphere near the 
ischemic penumbra. In any case, in accordance 
with the current clinical guidelines for neuromoni-
toring, we perform a computed tomography (CT) 
scan to check its placement. We know for certain 
that in some centers, in the cases of focal lesions, 
whenever possible, they place two sensors—one in 
each hemisphere [18, 21].

Another much-debated issue is whether the sen-
sor should be placed in white matter or gray matter. 

Fig. 2.4  Integra monitor used on a patient with severe 
CET, which shows the PtiO2 and brain T values, as well as 
the smart card for individual calibration of the Licox® 
(PMO) sensor on the right side of the image
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For some time now, the concept that gray matter is 
much more sensitive than white matter to ischemic 
events of an equal magnitude has prevailed. 
Recently, the idea that white matter may possibly be 
much more sensitive in episodes of tissue hypoxia, 
supported by anatomical and physiological knowl-
edge of encephalic vascularization, has begun to 
take root. At the cortical level, an extensive cortical 
vascularization can be found, which enables irriga-

tion to be initially replaced by means of the adjacent 
capillaries in the face of an ischemic event. By con-
trast, irrigation of the white matter is terminal and 
much less dense as far as capillaries are concerned, 
which makes it more vulnerable in the face of isch-
emic episodes. As a result, we currently opt for the 
optimal situation of placing the sensor in infracorti-
cal white matter. Moreover, sensors placed in white 
matter provide more stable PtiO2 values [21].

Territorio
frontera

2,5 cm

Linea media

Nasion

Nasion

10,5 cm

Fig. 2.5  PtiO2 sensor implantation area. The catheter is 
implanted in the frontal region, in the border zone between 
the middle cerebral artery and the anterior cerebral artery. 

The anatomical references are 10.5  cm from the nasion 
and 2.5 cm from the midline (Reproduced with permis-
sion from Poca et al. [18])
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Lastly, as regards sensor implantation, we 
must consider the optimal territory to monitor. 
Our center follows the guidelines established by 
Poca et al. [18]. In the case of diffuse injuries, the 
catheter is implanted in the frontal region, in the 
border zone between the middle cerebral artery 
and the anterior cerebral artery (border zone 
between two arteries, an area more susceptible to 
tissue hypoxia) (Fig. 2.5).

2.4	 �Complications in Catheter 
Insertion

As catheter insertion is an invasive process, 
which involves cranial perforation, puncture of 
the dura mater and cerebral cortex, it is logical to 
consider the complications that—despite infre-
quent—have been described. There are four main 
complications for this type of monitoring: paren-
chymal hematoma resulting from the cerebral 
puncture, infection, catheter rupture, and throm-
bosis. If an incision in the dura mater is not made 
prior to the entry of the stylet, it could tear away 
from the cranium and possibly result in a hemor-
rhage. In the review by Dings et al. [16] in which 
118 monitored patients were studied, only two 
(1.7%) developed a small intracerebral hema-
toma at the point of insertion which did not 
require surgical evacuation. No case of infection 
related to catheter insertion was reported. As far 
as mechanical complications were concerned, 
there were 8 cases (6.8%) in which the catheters 
slipped out and 4 cases (3.4%) in which a sudden 
interruption in recording with an abrupt drop to 
“0” occurred, which was attributed to electrode 
rupture. These series concur with the results of 
other series such as the works of Van den Brink 
[15] and Van Santbrink [13].

With regard to sensor malfunction, it is closely 
related with improper handling, mainly during 
the transfer of these patients from the resuscita-
tion unit to the CT or operating room. As these 
transfers are unavoidable, it is absolutely neces-
sary to take all precautions during the transfer, 
with the doctor accompanying the patient respon-
sible for ensuring the sensor’s proper operation.

When sensor gives a “0” reading, we follow 
the procedure below: first, we review the integrity 

of the system, catheter, etc; then, we rule out the 
possibility of a local problem (hematoma at the 
catheter tip, clots, areas of necrosis, etc.); and 
lastly, we temporarily increase the inspiratory 
oxygen fraction, by increasing the values if the 
sensor is working properly. The case would be 
different for patients diagnosed as cerebrally 
dead. It is evident—we have verified this at our 
center—that the PtiO2 values drop to “0” in 
patients already diagnosed with the preceding 
clinical examination for cerebral death.

2.5	 �Clinical Application

The normal PtiO2 values that we have used as 
described are 23–35 mmHg in healthy brain tis-
sue [23]. Values less than 20 mmHg signify com-
promised brain tissue oxygenation, and is the 
limit that requires treatment—as it is associated 
with other markers of cerebral ischemia or cell 
dysfunction—although this value may slightly 
vary according to the type of catheter used and 
should be interpreted based on its location as 
verified by a CT scan [24, 25].

Maintaining cerebral oxygenation in neurocriti-
cal patients has become one of the main references 
of the doctors involved in the management of this 
type of patients. This is because the brain and the 
spinal cord have poor tolerance to ischemia—
although greater than that of other tissues—and 
moreover, ischemia and hypoxia are the main 
mechanisms of brain damage in several types of 
acute neurological pathologies such as cranioence-
phalic trauma (CET), subarachnoid hemorrhage 
(SAH), cerebral infarction, and global anoxia.

The Brain Trauma Foundation (BTF), in its 
clinical guidelines for the management of CET 
[25], specifies that patients should be monitored 
using a means that reflects cerebral oxygenation. 
The first 12 h after cranioencephalic trauma have 
been defined as the most critical for the develop-
ment of cerebral ischemia, and several studies on 
monitoring of cerebral oxygenation have shown 
that 30% of the episodes of cerebral ischemia 
arise during this period [23], and 50% during the 
first 24 h [27]. For this reason, prompt assistance 
at specialized centers coupled with early moni-
toring of these patients is absolutely vital. It is 
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worth mentioning that there is a unanimous opin-
ion that values below 15 mmHg are indicative of 
tissue hypoxia [9, 27, 28]. Many efforts have 
been made to quantify the severity of tissue 
hypoxia, so values ranging between 15 and 
10  mmHg are considered moderate [28, 29], 
while values below 10  mmHg are considered 
severe or serious [20, 30–32]. PtiO2 <5  mmHg 
has been associated with death [33]. Values 
>40  mmHg are considered indicative of tissue 
hypoxia, which we would interpret as “luxury 
perfusion” in this territory [26]. It is for this rea-
son that for neurotrauma patients, one of the ther-
apeutic goals is to maintain PtiO2 levels greater 
than 20 mmHg.

Not only the magnitude of the decline in 
PtiO2 levels but also the duration of the event 
[34] has an impact on secondary injury. Thus, 
PtiO2 values <15  mmHg maintained during 
more than 4 h are associated with a 50% mortal-
ity, while values below 10 mmHg during more 
than 30 min are associated with a 56% mortal-
ity. Figure 2.6 is a diagram that our unit follows 
for the assessment of severity levels according 
to the PtiO2 values.

The next question that comes to mind is: does 
PtiO2 replace jugular bulb oxygen saturation? SjO2 
was introduced at the clinic for adequate manage-
ment of CET patients at the end of the 1980s by 
Cruz et al. [35]. It consists of the continuous moni-
toring of oxygen saturation of the blood in the 
jugular bulb by means of a fiber optic catheter 
placed in a retrograde direction. It is comparable to 
mixed venous saturation and is a reflection of the 
global cerebral oxygen consumption.

Nevertheless, SjO2 has a series of limitations 
as regards clinical use:

	(a)	 Technical issues: Defects in calibration, 
defects in light intensity, incorrect catheter 
placement, and occlusion. All of these defects 
can be minimized if we use an adequate 
screening protocol for false desaturations.

	(b)	 Extracerebral blood contamination. Despite 
having the catheter tip inserted more than 
2  cm deep into the jugular bulb, in some 
patients, especially those with low CBF, 
extracerebral blood contamination may 
occur [36]. This may lead to false rises in 
SjO2.

	(c)	 Anatomical anomalies in cerebral venous 
drainage. Discussions on whether the SjO2 
catheter should be placed on the same side of 
injury or on the side with greater drainage 
have been plenty. It seems that to detect epi-
sodes of global cerebral ischemia, it is better 
to monitor the dominant side [37].

Despite these limitations, SjO2 monitoring has 
proven to be useful as a measurement of global 
cerebral oxygenation at the clinic.

The greatest limitation of PtiO2 monitoring 
is the localized nature of this measure. 
Nevertheless, experiments measuring different 
areas of normal brains have proven that the dif-
ferences are minimal [38]. It is currently 
accepted that in diffuse brain injuries, the PtiO2 
measurement from either side of the frontal 
white matter can be extrapolated as a global 
measurement of the degree of cerebral oxygen 
availability.

It is due to this localized nature that it is pos-
sible for PtiO2 to detect episodes of regional isch-
emia—especially if the catheter is located in the 
affected area (ischemic penumbra)—whereas 

PtiO2 Values

<10 mm Hg

Iocalized
ISCHEMIA

TISSUE
HYPOXIA

COMPENSATED
HYPOPERFUSION NORMAL

10-15 mm Hg 15-25 mm Hg 25-35 mm Hg >40 mm Hg

‘‘LUXURY
PERFUSION’’

Fig. 2.6  Diagram for the assessment of severity levels according to the PtiO2 values obtained in relation to their 
duration
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SjO2—a method that assesses global cerebral 
oxygenation—does not. When the pathology is 
diffuse, PtiO2 is a good indicator of cerebral oxy-
genation, insofar as the hemisphere where the 
catheter has been placed [38–40].

In principle, both techniques can be consid-
ered complementary—SjO2 would provide us 
with a reflection of oxygen consumption while 
PtiO2 of the supply of oxygen [41]—although 
some authors, due to the aforementioned issues, 
consider PtiO2 more effective than SjO2 in moni-
toring cerebral hypoxia at the foot of the bed [42, 
43]. Moreover, PtiO2 responds more quickly to 
changes in cerebral oxygenation than other cere-
bral oxygenation monitoring methods (SJO2, 
NIRS).

Additionally, as PtiO2 is the measurement of 
oxygen in brain extracellular space, it reflects the 
balance between cerebral perfusion, oxygen dif-
fusion in brain tissue, and cellular oxygen con-
sumption. As a result, PtiO2 may present low 
values (cerebral hypoxia) despite normal ICP and 
CPP values.

2.5.1	 �Prognostic Value

After analyzing the PtiO2 scale, the first impres-
sion that emerges is that it is a tool with consider-
able prognostic value. Twenty-eight studies 
describe a relationship between low PtiO2 values 
and therapeutic outcomes, the majority for CET 
(28) compared to SAH (3). Thus, the low PtiO2 
values in CET have been related to an increase in 
mortality (OR 4.0, 1.9–8.2) [2], worse recovery 
at 6 months (OR 0.6, 2.2–9.6) [2], and increased 
neurologic deficits [44]. In this regard, in 2005, 
our group [44] reported the importance of PtiO2 
as a prognostic value in a study conducted at our 
center. It was a prospective observational nonran-
domized study conducted in the resuscitation unit 
of a tertiary university hospital. Eighteen patients 
(mean age of 32 ± 14 years) were consecutively 
included in the study from February 2004 until 
November 2004. In relation to demographic 
characteristics, 14 were men while 4 were 
women. The median Glasgow Coma Scale (GCS) 
upon admission to the hospital was 5 (range from 

3 to 14), including patients who were initially 
admitted to the hospital with a GCS greater than 
8 but who later showed neurological deteriora-
tion, leading to a drop in GCS to ≤ 8. As regards 
the tomographic classification of the Traumatic 
Coma Data Bank, four patients showed focal 
lesions requiring evacuation, whereas the rest 
were classified as having diffuse brain injuries. 
Evidently, in terms of the general management of 
these patients, the Brain Trauma Foundation’s 
clinical guidelines were followed, with particular 
emphasis on the prevention of secondary injuries 
as well as the prompt evacuation of lesions with a 
lesion volume greater than 25 cc. PtiO2 was con-
tinuously monitored using a Clark-type polaro-
graphic catheter connected to a Licox® monitor. 
The catheter was placed in the healthy area of the 
right frontal lobe in the cases of diffuse injuries 
and in the frontal lobe of the hemisphere with 
more damage in the rest. After catheter place-
ment, we waited 120 min for the brain tissue to 
stabilize to ensure the validity of the values. We 
established a cut-off point for the obtained val-
ues—PtiO2 <15 mmHg during more than 30 min 
in the first 48 h of CET—despite treatment opti-
mization. Assessment of the patients at 3 months 
was done using the Glasgow Outcome Scale 
Extended (GOSE). As regards the results, it is 
worth mentioning that out of the 18 patients, 12 
showed PtiO2 levels below 15  mmHg during 
more than 30  min, between 2 and 48  h after 
trauma (Group I), and it is this group that had a 
poorer evolution [GOS 1 (5 patients, 27.7%), 
GOS 2 (2 patients, 11%), GOS 3 (5 patients, 
27.7%)]. By contrast, the six patients that did not 
show PtiO2 values below 15  mmHg (Group II) 
under the conditions described above had a favor-
able evolution [GOS 4 (2 patients, 11%), GOS 5 
(4 patients, 22.22%)]. This difference was statis-
tically significant (p < 0.002 Mann-Whitney U). 
Other series such as the study by Van den Brink 
[15] with 101 patients, as well as the studies by 
Valadka [28], Doppenberg [45], and Bardt [46] 
support this thesis.

In other pathologies in which it is important to 
monitor cerebral oxygenation due to the risk of 
cerebral ischemia, such as subarachnoid hemor-
rhage (SAH) or cerebral infarction, PtiO2 has 

R. Badenes and A. Maruenda



35

been suggested as a way to monitor cerebral oxy-
genation [4]. However, there is not enough scien-
tific evidence for this and the majority of 
oxygenation-guided therapy studies are based on 
SjO2 and no relationship has been proven with 
the results. However, in Kett–White’s [47] study 
of 30 patients .with SAH monitored with 
Neurotrend inserted in the area irrigated by the 
aneurysmal artery, 13 patients suffering from 
severe hypoxia—defined as five or more episodes 
of PtiO2 <10 mmHg during 30 min—were found 
to have a GOS lower than those not suffering 
from hypoxia at 3 and 6 months. Having a normal 
ICP and/or a normal CPP does not preclude the 
existence of hypoxia and the consequent meta-
bolic distress in SAH.  The sensitivities of ICP, 
CPP, and PtiO2 have been calculated to detect this 
metabolic distress as measured by the cerebral 
lactate/pyruvate ratio found using microdialysis. 
The PtiO2 shows a higher sensitivity of 53.4% 
(false negatives of 46.6) vs. 10% of ICP, and 
12.7% of CPP [1].

The use of PtiO2 has likewise been suggested 
for major neurological interventions—both intra-
operative and post-operative—especially for 
vascular surgery [48]. Mortality in aneurysmal 
SAH is related to the development of secondary 
ischemia to vasospasm with secondary hemody-
namic alterations upon the increase of ICP and 
the loss of autoregulation. However, surgical 
manipulation of cerebral blood vessels or the 
necessity to perform transient artery occlusions 
contributes to significantly increasing the risks of 
developing ischemic changes. To diagnose and 
eventually treat cerebral hypoxia early, it is nec-
essary to determine cerebral oxygenation and, if 
possible, the accompanying metabolic changes. 
The intraoperative Doppler, which has a small 
probe, makes it possible to find out after place-
ment of the aneurysmal occlusion whether there 
is any disorder or deficit in artery blood flow after 
manipulation. However, this technique only pro-
vides us with information about larger arteries 
and does not provide data about cerebral micro-
circulation or the supply of oxygen to the cells. 
As an alternative to the Doppler system, blood 
flow has been determined using the laser-Doppler, 
which performs cortical measurements and jugu-

lar oximetry. However, it only provides general-
ized information. There are two other options for 
intraoperative monitoring of oxygenation of the 
affected territory: the determination of PtiO2 in 
the territory vascularized by the artery and cere-
bral microdialysis. We know that many patients 
who suffer an SAH tend to have low PtiO2 in the 
territory where the aneurysm is located. This is 
why during the clipping surgery, we should 
obtain a basal value of PtiO2 from the affected 
territory, which will drop during clipping and 
will only recover after proper clip placement 
[49].

Recently, the PtiO2/PaO2 ratio has been related 
to GOS in CET. Thus, Figaji [50] after studying 
28 children with severe CET and 48 PtiO2 mea-
surements from pericontusional or healthy areas 
with low basal PtiO2, observed that the increase 
in the PtiO2/PaO2 ratio was inversely proportional 
to GOS (r = 0.54 p = 0.02, confidence interval 
0.03–0.78). This could be explained by the effect 
of cerebral vasoconstriction that hyperoxia 
caused by hyperoxia. However, our group found 
results to the contrary. For 3 years, we studied 32 
patients with a mean age of 37 ± 17.4 years, with 
an ISS (Injury Severity Score) of 27.7 ± 10.7 and 
GCS 5.2 ± 3.4. At 6 months, 7 patients (21.8%) 
had died and 20 patients had a favorable neuro-
logical outcome (patients with no, little, or mod-
erate neurologic dysfunction). This favorable 
neurological outcome is correlated to a high level 
of the PtiO2/PaO2 ratio in the first 24 h in contrast 
to the nonsurviving group, to the extent that a 
PtiO2/PaO2 ratio <0.2 during the first 24 h pre-
dicts mortality or poor neurological outcomes 
[51]. There is no clear mechanism that explains 
the lack of response of PtiO2 to normobaric 
hyperoxia, which would probably indicate that 
the supplementary supply of oxygen is not being 
used, possibly because of hypoxia from disper-
sion due to cerebral edema, which would dimin-
ish the diffusion of oxygen to the cellular 
compartment.

It is important to improve PaO2 in neurocritical 
patients; in this way, in acute respiratory distress 
syndrome (ARDS), the PtiO2 is low in correlation 
to poor systemic oxygenation or PaO2, but is 
equally related to a worse neurological outcome. 
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Hence the importance of maneuvers for optimiza-
tion such as prone positioning [52] or alveolar 
recruitment maneuvers [53].

It is more difficult to prove that PtiO2-guided 
therapy for neurocritical patients is associated 
with better therapeutic outcomes. First, the deter-
mination of PtiO2 is a nontherapeutic monitoring 
method and just like all monitoring methods, it is 
difficult to prove its therapeutic effect. Therapy in 
CET based on the control of intracranial pressure 
(ICP) was started in the 60s with good outcomes 
and was even related to a decrease in mortality; 
[54] in the 80s, therapy based on maintaining 
cerebral perfusion pressure (CPP). When this 
therapy was compared with a group in which sys-
temic hypotension had been removed, no differ-
ences were found [55]. Inasmuch as it is possible 
to have a normal ICP and CPP in CET while expe-
riencing episodes of hypoxia both in pericontu-
sional areas and in apparently healthy areas [56], 
in the twenty-first century, Stieffel started PtiO2-
guided therapy [57]. In this study with 25 patients, 
the therapy, aside from maintaining an ICP 
<20 mmHg and a CPP >60 mmHg, had the addi-
tional objective of maintaining PtiO2 >25 mmHg 
compared to a historical control group with ICP-
guided therapy. They achieved this objective by 
optimizing treatment at different levels and 
increasing the inspiratory oxygen fraction to 
100% if the objective could not be achieved with 
the previous measures taken. The authors reported 
a decrease in mortality by 25% (p < 0.05) in those 
patients in which particular effort was made to 
obtain PtiO2 values greater than 25 mmHg.

A review by Maloney–Wilensky has shown 
that PtiO2-guided therapy in severe CET is asso-
ciated with better neurological recovery com-
pared to ICP/CPP-guided therapy (OR = 2.1; 
95% CI = 1.4–3.1) [2]. In this regard, Oddo [3] 
shows that PtiO2 is a factor independent of poor 
neurological outcome in severe CET. Nangunoori 
et  al. [58], after carrying out a review of 491 
patients, concluded that in patients with severe 
CET, therapy based on ICP/CPP + PTiO2 moni-
toring was associated with a better prognosis as 
compared to one based on ICP/CPP alone. 
However, Martini [59] reports that in 123 patients 
with severe CET, ICP/CPP + PtiO2 vs. ICP/CPP 

does not lead to a decrease in mortality or better 
neurological recovery. That said, the author him-
self states that the groups are not homogeneous, 
with the ICP/CPP + PtiO2 group with the more 
severe cases.

There are other studies that compare ICP/CPP 
+ PtiO2-guided therapy vs. ICP/CPP-guided ther-
apy alone with no conclusive results, among 
other things, due to the fact that the therapy to 
improve PtiO2 is not homogeneous. At present, 
there is an ongoing prospective randomized study 
[60] whose therapeutic aims are: (1) Precisely 
determine how ICP or PtiO2 should be treated. 
(2) Monitor the protocol. (3) Prove that the addi-
tion of PtiO2 decreases the magnitude of cerebral 
hypoxia more than the maintenance of CPP and 
the decrease of ICP before examining its signifi-
cance on the neurological outcome.

2.5.2	 �Therapeutic Measures 
to Maintain Adequate PtiO2

We have already seen that a low PtiO2 is a prog-
nostic factor independent of poor neurological 
outcome in severe CET [3] and generally speak-
ing, the failure to maintain adequate cerebral 
oxygenation aggravates secondary injury in neu-
rocritical patients. It is for this reason that we will 
attempt to enumerate a series of therapeutic mea-
sures to correct a PtiO2 <20 mmHg.

The easiest way would be to simply raise FiO2 
to increase the systemic supply of oxygen to the 
brain. But we have already seen that the signifi-
cance of this maneuver on cerebral oxygenation, 
as well as its beneficial mechanism, is unclear. 
Generally speaking, the lower the PtiO2, the more 
difficult it is to raise it by increasing the PaO2, 
which is the opposite of what occurs when the 
PtiO2 is high [61]. One explanation would be that 
the increase in PtiO2 produces a decrease in the 
CBF due to vasoconstriction and another would 
be that the so-called tissue oxygen response has 
been altered to reflect the loss of oxygen auto-
regulatory mechanisms (ORx) [62] which on 
many occasions is associated with a loss of cere-
brovascular autoregulation, worsening neurologi-
cal outcome.
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Hyperbaric hypoxia has been used, while 
maintaining FiO2 1 and observing that the 
obtained lactate/pyruvate ratio values decreased, 
which suggested that rather than improving cere-
bral metabolism, what actually occurred was that 
it slowed it down [63]. Moreover, because of its 
adverse effects both on a systemic level and a 
cerebral level, hyperoxia is currently not recom-
mended, so we should try to maintain a PaO2 
>100 mmHg, and if this is not possible, maintain 
a PtiO2 >20 mmHg after having treated the causes 
of cerebral hypoxia, and as a last resort, raise the 
FiO2.

The leading cause of cerebral hypoxia is cere-
bral ischemia arising from intracranial hyperten-
sion (IH), which compromises CPP and decreases 
CBF, both at a global and regional level, resulting 
in a decrease in tissue oxygenation. Usually, the 
more severe IH is, the more pronounced tissue 
hypoxia is. PtiO2 gives us the opportunity to 
assess the effects of this IH at a regional level, 
aside from being a quicker way than jugular bulb 
oxygen saturation [42] and NIRS [43]. Moreover, 
it can help us regulate the intensity with which 
we should perform therapeutic maneuvers such 
as osmotherapy, muscular relaxation, or second-
level measures, among which is hyperventilation 
[64]. The adequate level of hyperventilation 
would be that which leads to a level of arterial 
CO2, which by means of vasoconstriction in cere-
bral circulation will result in a decrease in ICP 
with an increase in CBF, and the limit would be 
that which results in excessive vasoconstriction, 
which gives rise to cerebral ischemia and a 
decrease in PtiO2.

It is well known that a decline in CPP to 
below-cerebral autoregulation induces tissue 
hypoxia [65]. Decreases in CPP tend to go hand 
in hand with declines in PtiO2. Stocchetti [49] 
confirmed that increasing CPP in patients with 
low PtiO2 levels was beneficial and in many cases 
succeeded in bringing the PtiO2 values to normal, 
in ischemic areas due to different pathologies 
(CET, SAH, meningioma, etc.). We have learned 
from similar studies that we can manipulate CPP 
to see its effectiveness on PtiO2 by establishing 
the optimal CPP margins. Nevertheless, this is 
not always the case, as Kiening [29] established 

that in patients with low CPP and low PtiO2, 
increasing CPP did not lead to improvements 
with regard to PtiO2 values. The explanation 
would be that for these cases, cerebral autoregu-
lation is preserved. In addition, Sahuquillo [66] 
showed us how supranormal PPC values could 
coexist with tissue hypoxia and that a parallelism 
between an increase in CPP and that of PtiO2 did 
not always exist, as increasing CPP does not 
always mean an increase in oxygen availability.

The consensus reached by different neuro-
monitoring studies [20, 22] highlights the need to 
assess the status of cerebral autoregulation. The 
decline in MAP, and therefore in CPP, results in a 
decrease in PtiO2. This has been observed in 
patients with severe cranioencephalic trauma 
with increases in ICP; the CPP thresholds must 
be maintained between 60–70  mmHg [25]. 
Therefore, it is absolutely vital to ensure that this 
value remains in this range for the maintenance 
of appropriate cerebral perfusion. A CPP 
>70 mmHg can be allowed if cerebral autoregu-
lation is intact. However, when autoregulation 
has been abolished, the CPP target can be indi-
vidualized. Thus, if the curve is shifted to the 
right (Rosner’s theory), the CPP required will be 
greater, whereas if the curve is shifted to the left, 
lower CPPs would be needed (Lund concept).

The capacity for cerebral autoregulation has 
traditionally been measured using the Prx coeffi-
cient which establishes the relationship between 
the ICP and systemic arterial pressure curves 
(Software ICM+, Cambridge, +UK). Thus, posi-
tive Prx values or those near 1 indicate abolished 
autoregulation, whereas negative Prx values or 
near 0 signify that autoregulation is present [67].

Another way to assess cerebral autoregulation 
is by using the oxygen reactivity index (ORx) 
[68], which represents the relationship between 
the change in PtiO2 (which reflects CBF) and the 
change in CPP. When autoregulation is preserved, 
the PtiO2 hardly changes with changes in CPP 
and the ORx is negative or near 0. However, 
when autoregulation is altered, the PtiO2 follows 
the changes in CPP and the ORx is negative, as is 
the case with Prx. Both the Prx and the ORx have 
been related to poor neurological outcome in 
neurocritical patients [69, 70].

2  Advanced Monitoring in Neurocritical Care: Brain Tissue Oxygen Pressure



38

Another reason why PtiO2 is low is due to ane-
mia. Smith et  al. discovered in 35 neurocritical 
patients, that with low PtiO2, red blood cell trans-
fusions increased PtiO2 by 3.2 ± 8.8  mmHg or 
15% of the basal value, independently of CPP, 
SaO2, and FiO2 [71]. However, transfusions are 
not free from risks. In critical patients, they have 
been related to an increase in mortality, and addi-
tionally, it is not quite clear what the transfusion 
threshold is for neurocritical patients; some set it 
at 9 g/dl while others at 10 g/dl. It seems that the 
PtiO2 level can help us make the decision on 
whether to transfuse or not.

Other therapeutic measures such as mannitol 
infusions or even decompressive craniectomy 
have been taken according to the PtiO2 value. The 
latter may seem particularly daring, but this is 
what we have gleaned from Reithmeier’s studies 
[72]. The authors observed a statistically signifi-
cant increase in PtiO2 to normal levels in patients 
with IH as well as PtiO2 values below 10 mmHg 
after they were subjected to decompressive crani-
ectomy. It is also worth mentioning that the ICP 
values decreased to normal.

�Conclusions

PtiO2 is a very crucial part of the diagnostic–
therapeutic arsenal for the adequate manage-
ment of neurocritical patients. It is true that 
this field still has no gold standard as regards 
monitoring, with gold standard defined as a 
well-established and standardized monitoring 
method against which the effectiveness of new 
devices is compared.

At present, it is possible to measure cere-
bral oxygenation continuously and instantly 
using an intraparenchymal sensor as part of 
our multimodal neuromonitoring system. This 
is a technique that is readily available, clini-
cally applicable, and safe. Brain PtiO2 moni-
toring provides us with a great opportunity to 
delve deeper into the physiopathology of neu-
rocritical patients, with implications for the 
prognosis and even more so, serving as guide-
lines for action for us doctors who have the 
opportunity to treat these patients. We are of 
the opinion that intensive care units that care 
for neurocritical patients should seriously 

consider the possibility of having useful tools 
for the early detection of the much-feared sec-
ondary injury, and this device most certainly 
fits the bill.
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Predictors of Outcome 
in Traumatic Brain Injury

Angels Lozano and Rafael Badenes

3.1	 �Introduction

Estimates of prognosis are often considered to be 
one of the most debated and challenging ques-
tions that specialist physicians working with 
severe traumatic brain injury (TBI) must respond 
to. Estimates of prognosis are an important com-
ponent in clinical decision making, since an 
improved estimation of prognosis for a given 
patient permits more accurate information about 
family and more  consistent clinical and ethical 
decisions. Considering that poor prognosis may 
result in a decision to withdraw life-sustaining 
therapy, it is important to fully appreciate the 
aspects involved in the process of 
prognostication.

However, it has always been considered difficult 
to predict the likely outcome in patients with TBI.

In this chapter, our aim is to describe and 
review the current knowledge about traditional 
and newly recognized predictors of outcome. 
We will focus on the prediction of outcome in 
terms of mortality and functional outcome in 
adult patients with moderate and severe TBI.

To simplify their study, predictors of outcome 
can be divided in different ways. Prognostic fac-
tors present at the admission phase are really 
important in the prediction of a poor outcome, and 
partly explain the very high level of early mortality 
in this patients; and prognostic factors during the 
acute admission phase are neurologic or nonneuro-
logic events that influence patients outcome, and 
maybe they have more importance as knowledge 
of their consequences than as predictive model.

A. Prognostic Factors at Admission

•	 Age
•	 Glasgow Coma Scale (GCS)
•	 TC-scan abnormalities
•	 Hypotension during admission

B. Prognostic Factors During Admission

•	 Intracranial pressure (ICP)
•	 Hypotension
•	 Cerebral perfusion pressure (CPP)

We can divide TBI predictors of outcome by the 
type of factor we are talking about too, for example:
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A. Laboratories

•	 Plasma/urine S100B and S100BB
•	 GFAP
•	 Pentraxin
•	 Interleukin-2
•	 Coagulation profile (prothrombin time, acti-

vated partial thromboplastin time, INR)
•	 Ubiquitin C-terminal hydrolase
•	 C-reactive protein
•	 Creatine kinase brain isoenzyme
•	 Plasma deoxyribonucleic acid
•	 Brain-derived neurotropic factor
•	 Secretagogin
•	 Interleukin-10
•	 Heat shock protein 70

B. Neuroimaging

•	 Brain-stem injuries on MRI
•	 DTI and low axial diffusivity values
•	 CBF on xenon CT
•	 Quantitative CT (midline shift, cisternal 

effacement, volume of SDH)

C. Electrophysiology

•	 Isoelectric cortical spreading depolarization

D. Extracranial Injuries

•	 Increased number of extracranial/nonneuro-
logical injuries

Actually, “novel and emerging” biomarkers are 
appearing, they can be used for a better character-
ization of TBI and tracking of disease processes, 
and they can also add prognostic information. So 
for a better understanding of the different predictors 
of outcome, we have decided to divide them into 
“traditional” and “novel and emerging” predictors.

A. Traditional Predictors of Outcome

•	 Demographic factors
•	 Type of injury
•	 Clinical severity: Extracranial and intracranial 

injuries
•	 Second insults (hypotension and hypoxia)
•	 Imaging abnormalities
•	 Pupillary reactivity

B. Novel and Emerging Predictors of Outcome

•	 Extended neuromonitoring
•	 Genetic constitution
•	 Laboratory values and biomarkers
•	 Advanced MR imaging techniques

3.2	 �Traditional Predictors 
of Outcome

3.2.1	 �Demographic Factors

3.2.1.1	 �Age
The association between increasing age and 
poorer outcome has been widely demonstrated in 
many publications [1–7]. Age is one of the stron-
gest predictors of outcome after TBI.

There is a continuous association between age 
and outcome that has been demonstrated in mul-
tiple studies with a continuous relation across 
ages [2–6, 8] (Fig. 3.1).

Older age is associated with worse outcome 
and increased mortality [4]; mortality increases 
especially after 60 years, and unfavorable evolu-
tion increases after 29 years [8].
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Fig. 3.1  Continuous association between age and out-
come as demonstrated in the IMPACT studies. The upper 
line denotes probability of unfavorable outcome. The 
lower line denotes the probability of mortality 
(Reproduced with permission from Mushkundiani et  al. 
2007)
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3.2.1.2	 �Gender
A clear association between gender and outcome 
has not been shown for TBI. Most studies have not 
found differences between male or female gender 
as a prognostic factor [4].Otherwise, some recent 
studies have found increased mortality [9], poorer 
quality of life, and worse functional outcome [10] 
in females who survived severe TBI compared to 
males. Otherwise, this association needs to be 
studied extensively to support these findings.

Many studies have demonstrated that an asso-
ciation between race and outcome after TBI 
exists, but this association is not clearly under-
stood. It could imply differences in genetic con-
stitution, but it could also be caused by differences 
in access to clinical care.

The IMPACT study group confirmed this asso-
ciation in a meta-analysis; they reported that black 
patients have a poorer outcome than white or 
Asian patients, and this has been shown in many 
other studies [11–13]. After all, this association 
should be widely studied in future researches.

3.2.2	 �Type of Injury

The type of injury (closed, penetrating, crush, 
blast, etc.) shown in the CT-scan is an important 
prognostic factor that will determine the initial 
evolution of a severe TBI [14]. There are some 
early injuries in the CT-scan of patients with 
severe TBI that are associated with greater mor-
tality and worse neurologic outcome.

Penetrating injuries result in a significantly 
higher mortality and poorer outcome [15, 16], but 
the data available for the rest of different types of 
injury are too less to allow comparisons between 
different prognostic effects.

The evidence for this is very indirect, and 
more studies should be conducted to assess a 
prognostic analysis between the different types 
of injuries in detail.

3.2.3	 �Clinical Severity

3.2.3.1	 �Extracranial Injuries
Extracranial injury is frequently present in 
patients with TBI. The severity of this injury is 

commonly assessed with the Injury Severity 
Score (ISS) [17] or the Abbreviated Injury Score 
(AIS) [18, 19].

Trauma patients with concurrent injuries to 
the brain or skull seem to have increased mortal-
ity [20], and multiple organ trauma (MOT) asso-
ciated to a TBI has been shown to increase rates 
of infection, length of hospital stay, and ventila-
tor use. Extracranial injuries in TBI patients are 
also associated with slower physical recovery 
and increased return-to-work times [21].

The estimated prevalence of major extracra-
nial injury (MEI) in TBI populations varies 
between 23% [5] and 41% [22], depending on the 
study population and the definition used.

How extracranial injury affects prognosis has 
been much debated. Some studies have demon-
strated that outcome mainly depends on the 
severity of the primary cerebral damage and is 
not worsened by the presence of extracranial 
injuries [22, 23]. Other studies, however, suggest 
that the presence of MEI carries a poorer out-
come in TBI patients [5, 24–26]. Recent investi-
gations have shown that the prognostic effect of 
MEI varies by the population studied [27]; in 
patients with mild TBI the effect of the interac-
tion with brain injury severity seems to be greater. 
In severe TBI the outcome is mostly determined 
by the brain injury.

However, the impact of multiple concomi-
tant injuries outside of the brain during initial 
trauma in TBI patients has not been well defined 
[28–31].

3.2.3.2	 �Intracranial Injuries
Intracranial injuries appearing in the CT-scan 
have a prognostic value as shown in multiple 
studies.

The level of consciousness assessed by the 
GCS reflects the clinical severity of intracranial 
injuries. The association between lower scores on 
the GCS and poorer outcome is well documented 
[5]; there is an inverse correlation between GCS 
and outcome, and lower scores on the GCS are 
associated with poorer outcome.

Using the GCS could overestimate the sever-
ity of a severe TBI (GCS <8) [32] but also under-
estimate the severity of moderate TBI with severe 

3  Predictors of Outcome in Traumatic Brain Injury



46

injuries in the CT-scan [33]. Many authors only 
use the motor component of the GCS; it has the 
greatest predictive value in severe TBI, as the eye 
and verbal component could be affected by seda-
tion and intubation [32].

The IMPACT study [34] analyzed GCS values 
obtained before admission, on admission to hos-
pital, and when patients enrolled in the study 
(GCS following primary respiratory and hemo-
dynamic stabilization) and found significant dif-
ferences between the GCS value at different time 
periods. The GCS obtained at the moment of 
joining the study (poststabilization) showed the 
greatest association with prognosis at 6 months. 
Even so, the other GCS values showed a great 
association with prognostic too. This demon-
strated that GCS scores may fluctuate and prog-
nostic effects of the GCS are different between 
clinical time periods [34].

In general, poststabilization GCS is consid-
ered the best suitable for predictive purposes, and 
the motor component showed the greatest predic-
tive value.

So, it should be taken into account that the 
GCS value could be affected by sedation, intuba-
tion, hemodynamic destabilization, hypotension 
or hypoxia; and its value fluctuates under differ-
ent clinical situations. In addition, when the 
motor component raises its value, better situa-
tions cannot be evaluated.

However, despite its limitations, the GCS 
is still used and highly recommended to clas-
sify and predict the outcome of patients with 
TBI [34].

3.2.4	 �Second Insults (Hypotension 
and Hypoxia)

Hypotension is recognized as one of the most 
important systemic secondary insults following 
traumatic brain injury (TBI) [35]. Hypotension at 
the hospital setting (defined as any episode with a 
systolic blood pressure <90 mmHg) is associated 
with poorer outcome [36] with a 67% of positive 
predictive value (PPV) and if there is hypoxia 
(defined as PaO2 <60  mmHg) too, the PPV 
increases to 79% [35]. Various studies have 

shown that the combination of hypoxia and hypo-
tension has a greater adverse effect on outcome 
than either insult in isolation [37]. Furthermore, 
the depth and duration of hypoxia and hypoten-
sion are related to poorer outcome [38–40].

The incidence of hypotension at admission is 
23–42% [41]. It has been shown that low blood 
pressures from the moment of traumatism and 
prehospital setting since resuscitation and stabili-
zation are an independent prognostic factor of 
worse outcome together with age, GCS, CT-scan 
injuries, and pupillary reactivity [42]. On the 
other hand, some studies have shown that both 
low and high blood pressures are associated with 
poorer outcome [43]. However, following adjust-
ment for age, motor score, and pupillary reactiv-
ity, the effects of higher blood pressure on 
outcome largely disappear, suggesting that these 
are merely indicative of more severe injuries and 
could possibly be caused by raised intracranial 
pressure (Cushing response). Hypoxic events are 
associated with worse outcome too, but with less 
effect [44].

3.2.5	 �Imaging Abnormalities

Injuries visualized in CT-scanning or magnetic 
resonance (MR) imaging are highly associated 
with prognosis.

In this way, computerized tomography (CT) 
scan is found to be very useful for prognosis. In 
the acute phase after TBI, CT is considered the 
technique of choice to identify and classify struc-
tural abnormalities.

CT-scan variables including midline shift, 
effacement of basal cisterns, traumatic subarach-
noid hemorrhage, subdural hematoma volume or 
presence and type of any abnormality [45] may 
also be useful predictors of outcome at 6 months 
in patients with TBI [46]. These individual imag-
ing features have been found to have class I and 
II evidence for >70% positive predictability in 
TBI [47].

Besides these individual intracranial injuries, 
the Marshall CT-scan classification system is also 
found to have good predictability [48, 49] and is 
widely used as a predictor of outcome [50].
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The Marshall classification [51] consists in a 
descriptive classification of head injury, based on 
CT characteristics which focuses on the presence 
of a mass lesion and differentiates diffuse injuries 
by signs of increased intracranial pressure such 
as compression of the basal cistern and midline 
shift (Table 3.1).

Though the Marshall system is widely used, it 
has important limitations:

•	 The classification of traumatic intracranial 
mass lesion as “evacuated” or “nonevacuated” 
depends on the knowledge of what subse-
quently happened to the patient; hence, it can 
be applied only retrospectively.

•	 The basis of cut-off of 25  cc as volume of 
mass lesion is not clear. The guidelines for the 
surgical management of traumatic brain injury 
mention different cut-offs for specific trau-
matic lesions [52].

•	 The Marshall system does not classify the 
types of hematoma. The outcome of surgery is 
dependent on the type of hematoma. Mortality 
of EDH is 7–12.5%, SDH 40–60%, and con-
tusions 16–72%.

•	 The system does not further categorize the 
extent of basal cisterns compression. Various 
studies have found that as the extent of basal 
cistern compression increases from normal to 

partially effaced to totally effaced, mortality 
increases [47].

•	 Traumatic subarachnoid hemorrhage (tSAH) 
is not included as a predictor. The presence of 
tSAH has been found to have a significant 
impact on outcome [47]. After adjustment for 
age, GCS, motor scores, and admission CT 
findings, tSAH had a strong, highly statisti-
cally significant association with poor out-
comes (OR, 2.49) (1.74–3.55; p < 0.001) [53].

•	 The Marshall classification cannot be used as 
a grading system. The mortality or unfavor-
able outcome is less for evacuated mass lesion 
than for nonevacuated mass lesion, though the 
former is mentioned as class 5, and the latter 
as class 6.

Thus, this classification may not fully use the 
prognostic information contained in individual 
CT characteristics.

To overcome these limitations, various 
CT-scan classification systems have been pro-
posed [47, 48, 52, 54].

The Rotterdam CT score (Table 3.2) is one of 
them. It combines individual CT characteristics 
[54] with the addition of tSAH and EDH and fur-
ther categorization of cisternal compression. This 
system has been shown to provide better predic-
tion of outcome [49] by better discrimination 

Table 3.1  Marshall computed tomographic classification

Structural  
damage CT

Diffuse injury I No visible pathology
Diffuse injury II Cisterns present, midline  

shift 0–5 mm and/or lesion 
densities present or no mass 
lesion >25 mL

Diffuse injury III 
(swelling)

Cisterns compressed or absent 
with midline shift 0–5 mm or no 
mass lesion >25 mL

Diffuse injury IV 
(shift)

Midline shift >5 mm, no mass 
lesion >25 mL

Evacuated mass 
lesion

Any lesion surgically evacuated

Nonevacuated  
mass lesion

High or mixed density lesion 
>25 mL, not surgically  
evacuated

Table 3.2  Rotterdam scoring system

CT-scan feature Score

Basal cisterns
 � Normal
 � Compressed
 � Absent

0
1
2

Midline shift
 � No shift or shift ≤ 5 mm
 � Shift >5 mm

0
1

Epidural mass lesion
 � Present
 � Absent

0
1

IVH or SAH
 � Absent
 � Present

0
1

Sum score +1

CT computed tomography, IVH intraventricular hemor-
rhage, SAH subarachnoid hemorrhage
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between better and poorer outcome than the 
Marshall classification [55].

3.2.6	 �Pupillary Reactivity

Assessment of pupillary reactivity is a standard 
procedure of neurological evaluation. Pupillary 
reactivity has demonstrated to have a good ability 
to predict outcome in patients with TBI [34] and 
has been widely used in TBI prognostic models. 
Acute pupillary dilatation in head-injured patients 
indicates a neurological emergency [56, 57].

3.3	 �Novel and Emerging 
Predictors of Outcome

3.3.1	 �Extended Neuromonitoring

Basic neuromonitoring includes neurologic 
examination, computerized tomography, and 
ICP. On the other hand, extended neuromonitor-
ing comprises SjvO2, ptiO2, microdialysis, TCD, 
and electrophysiologic recordings including CSD.

Basic neuromonitoring alone cannot assess 
changes in cerebral perfusion, oxygenation, 
metabolism, and electrophysiological function. 
This implies that we will miss important signs of 
deterioration and so we will also fail to adapt and 
reduce therapeutic interventions once the previ-
ous impairment has been corrected. There is 
increasing evidence that extended neuromonitor-
ing is an important therapeutic tool, and the ptiO2 
value or the TCD (as we will see later) are emerg-
ing as new prognostic factors showing a good 
association with the patient outcome in recent 
studies [58–62].

When only relying on changes in ICP and 
CPP, we may not only miss important signs of 
deterioration, but also fail to adequately reduce 
therapeutic interventions [63, 64].

Based on current evidence, extended neuro-
monitoring in daily clinical practice could help 
us to identify optimal CPP, guide ventilator sup-
port (O2 and ventilation), define adequate hemo-
globin level and guide transfusion, determine 
optimal blood and brain glucose, and guide 

decompressive craniectomy [65, 66]. All this 
information can improve our treatment options 
by characterizing functional influences, defining 
threshold values, and adapting therapeutic inter-
ventions in type, extent, and duration. In addi-
tion, extended neuromonitoring helps us to 
prevent induction of additional brain damage due 
to excessive therapeutic corrections.

3.3.2	 �Genetic Constitution

Different genes and polymorphisms have been 
studied in patients with TBI. The majority of the 
studies use an approach based on a priori under-
standing of the pathophysiology of TBI coupled 
with genetics. Maybe genetic variability could be 
the clue to explain why the clinical course and 
outcome are so different between patients with 
similar injury severity and CT-scan injuries at 
admission.

The most extensively studied gene in the field 
of TBI is undoubtedly Apolipoprotein 
E. APOE-e4 has been widely studied and many 
studies have shown its association with poorer 
functional recovery [67–69].

On the other hand, there are studies that show 
no clear association between APOE-e4 and out-
come in TBI [70, 71]. A recent systematic review 
[72] concluded that the effect size might only be 
significant in severe TBI.  One large study [73] 
found an altered trajectory of recovery in APOE-e 
4 carriers, but ultimately the same outcome over 
a 2-year period.

Teasdale et  al. [74] performed an observa-
tional study with 1094 patients with TBI and 
could not confirm an association between 
APOE-e4 and poorer outcome.

However, while the risk of late neurodegen-
erative disease scales with the severity of TBI, 
the possession of an APOE-e4 allele may modu-
late this response [75]. Mayeux et al. [76] found 
that APOE-e4 increased the risk of dementia 
twofold, but the combination of APOE-e4 and a 
TBI increased the risk tenfold. This suggests that 
the effect of APOE-e4 genotype on outcome 
after head injury may be expressed through the 
processes of repair and recovery. Otherwise, 
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despite extensive research, the relationship of 
APOE genotype to outcome from TBI remains 
unclear.

A variety of polymorphisms (ABCB1, 
ABCC1 and ABCC2) exist which impact the bio-
availability of both drugs and endogenous sub-
strates in the brain [77]. Patients homozygous for 
the T allele of ABCB1 or the G allele of ABCC1 
appear to have better outcomes after severe TBI 
[78]. Further work is required to move this out-
side the experiment.

Regarding prognosis, there are currently no 
genes for which the effect size is sufficiently well 
determined that they could be incorporated into 
existing prognostic models. Genetic association 
studies require large numbers, and none of the 
existing studies in TBI have been sufficiently 
powered to quantify prognostic effects ade-
quately. Potential roles of genetic information 
may include better characterization, more accu-
rate prognostication and therapy stratification, 
and identification of molecular targets for future 
drug development.

3.3.3	 �Laboratory Values 
and Biomarkers

Proteomic approaches and clinical studies have 
identified novel biomarker candidates considered 
more specific for neuronal or glial cell damage 
and help elucidate their time course and changes 
associated with pathophysiological processes in 
TBI.

These biomarkers may provide rapid biofluid-
based biomarker tests to optimize diagnosis, 
track disease progression, and facilitate progno-
sis in TBI patients. Blood molecular biomarkers 
might also provide insights into pathogenic 
mechanisms underlying TBI, refine patient char-
acterization, and allow specific molecular classi-
fications. Such knowledge might be a target for 
novel therapeutic interventions, drug develop-
ment, and clinical trials. If used in the appropriate 
setting, prognostic markers in TBI may be able to 
aid decisions to either avoid prolonged and 
unnecessary treatment or to intensify therapy.

A large number of biomarkers have been pro-
posed as potentially prognostic. Different mark-
ers are relevant in different stages after injury 
(Table 3.3). In the acute phase, markers of innate 
inflammatory responses and brain-specific mole-
cules released into the CSF and blood upon cell 
death and/or damage may reflect the magnitude 
of injury [79]. In the subacute phase, innate 
inflammatory responses decrease, while adaptive 
immune responses may be initiated [80]. In the 
chronic stages, markers of neurodegeneration are 
being explored for long-term sequelae including 
degenerative disorders linked to TBI, such as 
chronic traumatic encephalopathy (CTE) and 
Alzheimer’s disease (AD). We are not going to 
study all the biomarkers in this chapter; in Table 
3.3 you can find the most promising biomarkers 
for TBI that are being studied nowadays.

On the other hand, there are some laboratory 
variables routinely measured on admission that 
are associated with outcome following TBI. The 

Table 3.3  Overview of promising biomarkers for TBI

Biomarker Phase Type Major confounder

S100-B Acute Glial/BBB change Not CNS specific
NSE Acute Neuronal Red blood cells
GFAP Acute Glial
UCH-L1 Acute Neuronal Intestinal tumors
αII-Spectrin BDPs Acute Axonal Mainly in CSF
Neurofilament proteins Acute/Subacute Axonal Under investigation
Cytokines Subacute/chronic Inflammatory response Systemic injuries/complications
Auto-antibodies Chronic Autoimmune Under investigation
Tau protein, Phospho-
protein and amyloid β 
peptides

Acute/Chronic Neurodegenerative Under investigation
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greatest prognostic effects exist for high glucose 
concentrations, low hemoglobin, low platelets, 
and coagulation disturbances [81–85].

Glucose management remains of big rele-
vance. Hyperglycemia is associated with poor 
outcomes [81, 86–88] and tight glycemic control 
offers little benefit [89, 90]. Hypoglycemia with 
intensive insulin therapy has been corroborated 
as a risk for TBI by microdialysis studies [91, 
92]. A brain:serum glucose ratio less than 0.12 
predicts cerebral metabolic distress and mortality 
after severe TBI [93].

3.3.4	 �Advanced MR Imaging 
Techniques

Neuroimaging techniques increase the specific-
ity of pathoanatomical diagnosis and facilitate 
therapy stratification and application of preci-
sion medicine approaches. Advanced multipara-
metric MR imaging techniques with potential 
prognostic relevance in TBI encompass diffu-
sion tensor imaging (DTI) with fractional anisot-
ropy (FA) mapping, diffusion kurtosis imaging 
(DKI), susceptibility-weighted imaging (SWI), 
functional MRI (fMRI), perfusion weighted 
imaging (PWI), and magnetic resonance spec-
troscopy (MRS).

DTI is an MRI sequence that can identify and 
quantify white matter damage and which offers 
a method of assessing axonal damage in  vivo 
[94, 95].

DTI has emerged as a useful tool for assessing 
TBI, since focal injuries are usually easily identi-
fied using conventional computed tomography 
and MRI but do not completely explain observed 
long-term clinical outcome. Traumatic and axo-
nal injury appears to be a key determinant of 
clinical outcome, which can be missed by con-
ventional MRI.  Studies on DTI have demon-
strated its accurate visualization of traumatic 
axonal injury [96, 97].

In this way, quantitative DTI has been shown 
to improve the accuracy of long-term outcome 
prediction [98–100].

MR spectroscopy permits semiquantitative 
detection of metabolites in regions of the 

brain. Many studies have been carried out with 
MR spectroscopy in TBI, for example with 
N-acetylaspartate (NAA), choline (Cho), and 
their ratio to creatinine and lactate [101] show-
ing that their extracellular levels are higher in 
non-TBI survivors. Despite this, MR spectros-
copy has not gained acceptance as a routine 
clinical diagnostic tool in acute TBI, and it has 
been widely used as a research tool to examine 
changes in tissue biochemistry.

All these MRI studies, which represent a 
progress in the comprehension of pathophysiol-
ogy of severe TBI, need confirmations with new 
series of patients before being used routinely. 
Neuroimagery will probably help us to test treat-
ments to limit secondary damage or enhance 
spontaneous anatomic recuperation, but modifi-
cations in cell metabolism evaluated by MRI 
were disappointing. Furthermore, logistic con-
siderations limit the use of MR imaging. There is 
a need to check for contraindications to MRI that 
can be difficult to ascertain in the acute setting or 
even in routine in many specialized hospitals and 
may be dangerous, notably in cases of intracra-
nial hypertension.

�Conclusion

Estimates of prognosis are a key point for the 
adequate management of patients with 
TBI. An improved estimation of prognosis in 
these patients permits a more accurate clinical 
and ethical decision making.

Nowadays, the availability of large data-
bases and an exponential increase in prognos-
tic research in TBI has facilitated prognostic 
analysis and the development of validated 
prognostic models with good generalizability. 
The exhaustive knowledge of prognostic fac-
tors offers new opportunities and should be 
considered an important instrument in clinical 
decision making and research.

Relevant prognostic factors, as the ones 
studied in this chapter, have been identified by 
multivariable analysis. However, the develop-
ment of prognostic models in TBI must be an 
ongoing process and further studies and inves-
tigations are needed to truly validate the use of 
these prognostic factors.
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Declaration Through Real-Life 
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4.1	 �Introduction

Under the Uniform Declaration of Death Act 
(UDDA) [1] in the United States, death is legally 
determined by demonstrating either (a) irrevers-
ible cessation of circulatory and respiratory func-
tions defining death from cardiovascular causes, 
or (b)irreversible cessation of all functions of the 
entire brain including the brain stem to define 
death from neurological causes i.e., brain death. 
In some sense, all death can be considered as 
brain death in that the sustained cessation of car-
diovascular activity will eventually give rise to 
irreversible cessation of brain function. This con-
cept of a dual etiology of death has subsequently 
spread throughout most of the world.

However, an accurate and comprehensive 
understanding of the diagnosis of death from 
neurological causes remains a persistent chal-
lenge for medical practitioners everywhere.

This book chapter is written to guide that 
understanding, which in turn demands consider-
ation of principles of brain death declaration 

within the special contexts of hypothermia, fam-
ily refusal to accept the declaration based on reli-
gious grounds, appropriate use of ancillary 
testing, and understanding post-declaration 
events.

The principles of the process of declaring 
brain death will be discussed in the context of 
case scenarios where on analysis of a clinical 
problem, the readers will be presented with our 
rationale for management, given the current 
evidence.

In essence, this chapter is intended to provide 
the reader with a practical approach to the decla-
ration of brain death.

4.2	 �Historical Milestones 
in Brain Death Declaration

The exact incidence of patients progressing to 
brain death around the world is largely unknown. 
In a study by Kramer et al., in a cohort of 2788 
intensive care patients in Southern Alberta, 
Canada, neurologic death constituted about 
3–8% of all deaths over a 10-year period [8]. It is 
estimated that brain death declaration occurs in 
approximately 5% of patients with acute brain 
injury [9]. Leading causes of brain injury pro-
gressing to brain death include traumatic brain 
injury, intracranial hemorrhage, and hypoxic/
anoxic-ischemic encephalopathy [10, 11].
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It is generally accepted that while legally any 
licensed physician can determine brain death, all 
physicians who participate in this process should 
be intimately familiar with the concept of brain 
death, and have conformed to existing local, 
institutional, state, and national accepted stan-
dards in making that diagnosis. In a recent sur-
vey of 50 neurological institutions across the 
United States, 42% of all declarations were car-
ried out by neurologists/neurosurgeons, while a 
majority (65%) of these declarations were per-
formed by resident physicians as opposed to 
attendings [12].

Around the world, most countries require at 
least two physicians to declare patient brain 
death (ostensibly to avoid error), while only in a 
few can a single physician pronounce patient 

brain dead (Canada, Sweden, Columbia, Chile, 
Mexico, Panama, and the Russian Federation) 
[10].

Recently, simulation-based courses have shown 
to improve educational efficiency and conse-
quently reduce opportunity for error [13–16].

At the core of declaration is the presence of 
coma, supported by an adequate history of 
complaint with radiological findings. Physical 
findings include the absence of response to 
noxious stimulation, absence of cranial nerve 
reflexes, and absence of respiratory drive on a 
PCO2 (pH) challenge. Neurological examina-
tions are confounded by hypoxia, hypotension, 
abnormal biochemistry, and reasonable suspi-
cion for toxins (either iatrogenic or accidental) 
(Tables 4.1, 4.2, and 4.3). We will show how 
these criteria can be included in diagnostic 
decision making, through consideration of the 
following examples.

Comprehensive clinical evaluation and neuro-
logical assessment form the basis of any brain 
death examination [7]. Patients must lack all evi-
dence of responsiveness, with absent eye opening 
or eye movement to noxious stimuli. There must 
be absence of brainstem reflexes, such as absence 
of pupillary response to a bright light docu-
mented in both eyes. Pinpoint pupils raise con-
cern for pontine lesions or opiates. Usually the 
pupils are fixed in midsize or dilated (4–9 mm), 

Case Scenarios

An 18-year-old male is involved in a high-
speed motor vehicle accident, and suffers 
severe traumatic brain injury, with severe 
facial injuries. He is intubated in the field 
and is placed in a cervical collar, but with-
out cervical spine fracture on x-ray. Initial 
neurological examination reveals no cough, 
gag, or response to noxious stimuli. He has 
bilateral eyelid edema (rendering pupils 
difficult to examine), and blood coming out 
of his ears.

Year Details

1968 Definition of irreversible coma, JAMA, 
Ad Hoc Committee of the Harvard 
Medical School [2]

1971 Minnesota clinical pathological study [3]
1971 Finland becomes first European country 

to accept brain death
1971 Kansas is first state in the US to legally 

recognize brain death
1981 NINCDS Collaborative Study of Brain 

Death on autopsy correlate in 503 
patients with brain death validating 
Harvard criteria [4]

1981 Uniform Death Declaration Act (http://
www.law.upenn.edu/bll/archives/ulc/
fnact99/1980s/udda80.htm.)

1987 New York Department of Health 
regulates hospitals to accommodate 
religious and moral objections

1991 New Jersey Declaration of Death Act 
permits religious exemption [5]

1996 United Kingdom Royal College of 
Physicians included brain stem death 
(Journal of Royal College of Physicians)

1995 American Academy of Neurology 
(AAN) practice parameters for 
determining brain death [6]

2009 California statue requires hospitals to 
accommodate objections

2010 Evidence-based practice update by 
Quality Standards of the AAN [7]

NINCDS National Institute of Neurological and 
Communicative Disorders and Stroke
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Table 4.1  Testing for brain function, including the brain stem

Coma/Unresponsiveness

Apply painful stimulus in central location (such as supraorbital or earlobe pinch) and peripheral stimuli such as 
nailbed pressure. Brain motor response excludes brain death. Other motor responses that are not clear due to spinal 
reflexes will require an ancillary study.
Pupillary reflex

Shine light into each eye to observe change in pupil size. Any change excludes brain death.
Oculovestibular reflex

Elevate head of bed to 30°. Open eyes by pulling up on eyelids. Irrigate external auditory canal with 50 ml iced 
water. No eye movements should be seen in the 60 s following completion of the irrigation. Both sides should be 
tested with at least 5 min between testing each side.
Oculocephalic reflex (test only when no fractures or instability of cervical spine is apparent)

Briskly rotate head 90° lateral from midline (horizontal) and briskly flexion (vertical) head. Any eye movement 
excludes brain death.
Corneal reflex

Touch cornea with end of cotton-tipped swab. Blinking movement excludes brain death.
Cough reflex

Stimulate tracheobronchial tree by passing cannula or irrigating endotracheal tube. Movement, coughing or 
bradyarrhythmia excludes brain death.
Gag reflex

Stimulate back of pharynx with tongue depressor or suction catheter. Movement of uvula or gagging excludes brain 
death.

Table 4.2  Apnea trial procedure and flowchart

1. Criteria for an apnea trial:
 � 1. Absent brain motor responses.
 � 2. Absent brainstem reflexes.
 � 3. 24 h of temperature greater than or equal to 35 °C.
 � 4. Hemodynamically stable without cardiac arrhythmias (Systolic blood pressure >100 mm Hg either with or 

without vasopressors).
 � 5. Adequate oxygenation (PaO2 greater than or equal to 200 mm Hg on an FiO2 of 1.0).
 � 6. Serum pH greater than 7.30 (severe metabolic acidosis is a contraindication to an apnea trial).
 � 7. Absence of a known cervical spinal cord injury.
 � 8. The apnea test should be completed as part of the first examination in which no other brain function is 

demonstrated. The apnea test should be completed after the motor response and brainstem reflex testing.
2. Normalize patient’s PaCO2 on the ventilator (PaCO2 35–45 mm Hg or the patient’s known baseline PaCO2). This 
is necessary if patient has been hyperventilated to decrease ICP. A low PaCO2 may increase the amount of time 
needed for the PaCO2 to reach the level needed to confirm apnea.
3. Hyperoxygenate with 100% oxygen before the trial for 10 min.
4. Estimate with the pretrial ABG the time required to reach an apneic PaCO2 of approximately 60 mm Hg or 
20 mm Hg greater than normal baseline, whichever is greater, considering the PaCO2 will rise approximately 
4–5 mm Hg in the first minute and approximately 3–4 mm Hg for each consecutive minute.
5. Place patient on 100% oxygen source (Ambu bag) for the calculated period of time.
6. Observe the patient for spontaneous respirations. If they do not occur after the calculated period of time, an ABG 
is drawn.
7. If spontaneous respirations occur, return the patient to the ventilator. Measure tidal volume and rate before the 
underlying ventilator rate is used.
8. If hypotension, cardiac arrhythmias, or desaturation (SpO2 < 88%) occur during the trial, obtain an ABG if it can 
be done safely and return the patient to the ventilator immediately.
9. Results of trial should be documented in medical record, including length of apneic period, blood gas results, and 
rate and measurable volume of breaths, if any occurred.

4  Brain Death: Understanding the Process of Brain Death Declaration Through Real-Life Case Scenarios
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Table 4.3  Common pharmacologic agents that can affect clinical brain death assessment

Drug Half-life (T1/2) Distribution
Suggested time to brain 
death exam

Barbiturates

Pentobarbital ~4–50 h ~35–45% bound to 
plasma proteins

Pentobarbital level 
≤10mcg/ml

Phenobarbital ~2–6 days ~20–45% bound to 
plasma proteins

Phenobarbital level 
≤10mcg/ml

Benzodiazepines

Lorazepam 10–20 h Widely distributed in 
most body tissues

Variable, if expect 
toxicity, wait 1.5–2 times 
the half-life

Midazolam 1–12.5 h Widely distributed, 95% 
protein bound

Variable, if expect 
toxicity, wait 1.5–2 times 
the half-life

Diazepam 20–50 h, active metabolite 
40–100 h

Widely distributed, 
94–99% protein bound

Variable, if expect 
toxicity, wait 1.5–2 times 
the half-life

Chlordiazepoxide 10–48 h, active metabolite 
14–95 h

Widely distributed Variable, if expect 
toxicity, wait 1.5–2 times 
the half-life

Neuromuscular blocking agents

Atracurium Biphasic T1/2 (2–3.4 min 
and 20 min respectively)

Low body distribution Train of four via 
peripheral nerve 
stimulation should result 
in four thumb twitches

Pancuronium Triphasic T1/2, terminal T1/2 
~2 h

87% protein bound Train of four via 
peripheral nerve 
stimulation should result 
in four thumb twitches

Rocuronium Train of four via 
peripheral nerve 
stimulation should result 
in four thumb twitches

Succinylcholine Metabolized rapidly, with 
effect lasting ~10 min

Widely distributed Train of four via 
peripheral nerve 
stimulation should result 
in four thumb twitches

Vecuronium Biphasic T1/2 (3–9 min and 
30–80 min respectively)

Not fully characterized Train of four via 
peripheral nerve 
stimulation should result 
in four thumb twitches

Narcotics

Morphine 1.5–4.5 h Widely distributed, 
30–35% protein bound

Variable, if suspect 
toxicity evaluate after 
1.5–2 times the half-life

Fentanyl 3–7 h, duration 30–60 min Widely distributed, 
80–86% protein bound

Variable, if suspect 
toxicity evaluate after 
1.5–2 times the half-life

Hydromorphone 2.5 h, duration 4–5 h Two distributive T1/2’s, 
1.27 and 14.7 h 
respectively

Variable, if suspect 
toxicity evaluate after 
1.5–2 times the half-life

Meperidine 3.2–3.7 h, active metabolite 
24–48 h

Widely distributed, 
65–80% protein bound

Variable, if suspect 
toxicity evaluate after 
1.5–2 times the half-life

(continued)
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and there is absence of oculocephalic and oculo-
vestibular reflexes. In the above case scenario, 
since the cervical spine is not cleared, the oculo-
cephalic reflex cannot be tested. Also, oculoves-
tibular reflex pre-testing requires demonstration 
of patency of the external auditory canal, which 
may be difficult in our case. Periorbital edema 
may confound assessment of eye movements as 
well as pupillary reflex. In addition, documenta-
tion of absence of corneal reflex, absence of 
facial muscle movements to noxious stimuli at 
level of temporomandibular joints or supraorbital 
and supratrochlear ridges, absence of pharyngeal 
(gag) reflex and absence of tracheal (cough) 
reflex are all required.

For complete description of testing for coma 
and brainstem reflexes, refer to Table 4.1.

This would be an error. Details of performing 
the apnea trial are provided in Table 4.2. During 
performance of an apnea test, close attention 
must be paid to the baseline starting PCO2 and 
PCO2 achieved after a period of apnea. Generally, 
one should calculate the period of apnea needed 
to increase PCO2 20 mm Hg above baseline, and 
an absolute PCO2 of greater than 60  mm Hg 
(based on normal body temperature). A low start-
ing PCO2 may indicate respiratory alkalosis, and 
a 20 mm Hg change may be insufficient to lower 
the cerebrospinal fluid pH enough to stimulate 

A 43-year-old male sustains motor vehi-
cle accident with severe traumatic brain 
injury, and pulmonary contusions. On 
admission he is noted to have a Glasgow 
Coma Scale (GCS) score of 5. Assessment 
of vital signs reveals blood pressure of 
108/46 mm Hg, heart rate of 92 beats/min, 
while pulse oximetry shows 97% satura-
tion on 60% FIO2. Six hours later he is 
noted to be unresponsive, with dilated 
pupils, and no cough or gag reflex. At this 
time blood pressure is 78/34, heart rate is 
126/min, and pulse oximetry reveals 89% 
saturation on 100% FIO2.

Table 4.3  (continued)

Drug Half-life (T1/2) Distribution
Suggested time to brain 
death exam

Miscellaneous drugs

Propofol Biphasic:Alpha T1/2 = 
1–8 minBeta T1/2 = 
1.5–12.4 h

Moderately distributed 
throughout the body

Neurologic exams can 
generally be performed 
after drip has been off for 
5–10 min, brain death 
exam can performed after 
2–3 times the half-life

Dopamine ~2 min, duration~10 min Extremely high doses 
have been reported to fix/
dilate pupil

Atropine Duration of cardiac effects 
~5 min

Pupil effects after IV 
administration are 
transient

Ketamine 2–3 h 50% protein bound Recovery time 2–3 h

Common Electrolyte Disturbances Confounding 
Brain Death

Hypoglycemia Serum glucose <40 mg/dl
Hyperglycemia Serum glucose >800 mg/dl
Hyponatremia Serum sodium <120 mEq/L
Hypernatremia Hypernatremia as a result of 

therapy for cerebral edema, or as 
a consequence of diabetes 
insipidus due to cerebral 
herniation should not confound 
brain death
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ventilation. If the baseline PCO2 is high, it may 
indicate either respiratory acidosis or chronic 
respiratory dysfunction with CO2 retention. 
Consideration of the pre-apnea arterial blood pH 
can help distinguish between these causes. If 
close to 7.40, then it is likely that the patient is a 
CO2 retainer and the CSF pH is adjusted to that 
baseline level of PCO2. A lower pH would indi-
cate respiratory acidosis, and ventilation should 
be adjusted to first produce normocapnia and the 
test then performed. It is not uncommon for 
patients to experience desaturations during apnea, 
despite pre-oxygenation with 100% FIO2, as well 
as some hemodynamic instability. Thus, close 
attention must be paid to P/F ratio and systolic 
blood pressure prior to the initiation of apnea test. 
In patients with severe hypoxia, including those 
on ECMO, the apnea test has been safely con-
ducted by adding positive end-expiratory pres-
sure with pulmonary recruitment [17].

One of the fundamental principles of assess-
ment of patients with catastrophic brain injury is 
to pay close attention to the stability of vital 
signs. Evaluation of patients using the GCS is 
invalid in the presence of hypoxia and hypoten-
sion. It is prudent not to prognosticate such 
patients until all possible secondary confounders 
are ruled out. The documented absence of shock 
during clinical testing occurs in only 71% of all 
brain death declarations [14]. Per revised AAN 
guidelines published in 2010, maintenance of 
systemic perfusion pressure, i.e. systolic blood 
pressure of greater than or equal to 100 mm Hg, 

is required during assessment of patients for brain 
death. Consequently, in this clinical scenario, his 
hypotension would confound neurologic assess-
ment, while PaO2/FiO2 ratio under 200 would 
rule out safe performance of an apnea test.

The current plan for donation should be dis-
continued, pending further time or an ancillary 
investigation. A reasonable period of observation 
must be given to a patient in order to demonstrate 
irreversible cessation of brain function. Since 
there are no gold standards for minimal observa-
tion periods [7], it is left to the treating physician 
to decide an optimal period of observation, deter-
mined in each individual case.

The above scenario highlights two important 
elements that require consideration prior to brain 
death declaration; (1) time elapsed since correc-
tion of hypothermia and (2) effect of hypother-
mia on metabolism of sedative agents.

In patients who have spontaneous or induced 
hypothermia, it is recommended to maintain core 
body temperature greater than 36 °C at the time 
of brain death examination. Many centers now 

A 58-year-old gentleman underwent 
induced hypothermia treatment to 33  °C 
for treatment of hypoxic neurological 
injury following a cardiac arrest. He was 
sedated with midazolam and fentanyl infu-
sions for control of shivering. Clinical 
examination demonstrated the absence of 
eye opening, verbal response, and motor 
response, as well as absence of all brain 
stem reflexes, with apnea on the ventilator. 
Twelve hours later, the patient is rewarmed 
to 36  °C, with midazolam and fentanyl 
infusion now off for 2 h. The treating phy-
sician is concerned for the possibility of 
brain death and proceeds with a formal 
declaration based on clinical criteria. His 
family gives authorization for organ dona-
tion. While the patient is awaiting organ 
procurement, some spontaneous respira-
tions are observed. ICU staff and the family 
are significantly concerned.

A 38-year-old female is undergoing 
apnea testing during the process of brain 
death testing. Her baseline ABG reveals 
pH 7.41, PCO2 36, PO2 156 on 100% FIO2. 
The respiratory therapist places the patient 
on a T-piece circuit with reservoir bag, and 
the patient undergoes 6 min of apnea. Her 
repeat ABG is pH 7.21, PCO2 56, PO2 78. 
The resident physician concludes that since 
there is rise in PCO2 of greater than 20 mm 
Hg, she meets criteria.
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also advocate maintenance of normothermia 
(defined as core body temperature >36 °C) for at 
least 24  h prior to proceeding with brain death 
testing.

In the circumstances of the hypothermia expe-
rienced by this patient there would be concern for 
delayed drug metabolism during hypothermia 
and upon rewarming.

Propofol, midazolam, fentanyl, morphine, and 
neuromuscular blocking agents are commonly 
prescribed agents for patients undergoing seda-
tion to treat shivering.

Zhou and Poloyac [18] undertook a compre-
hensive review of drugs commonly used during 
hypothermia and rewarming, and provide detailed 
explanations regarding how those drugs may 
confound brain death declaration.

Flow-limited drugs such as propofol and fen-
tanyl are significantly affected during hypothermic 
conditions. In patients cooled to 34 °C, propofol 
clearance has shown to be reduced by 25% com-
pared to that during normothermia. It is also 
shown in animal models that fentanyl plasma 
concentrations are elevated by about 25% at 
31.6 °C compared to normothermic group.

Capacity-limited binding drugs are also 
affected during therapeutic hypothermia. 
Phenytoin is metabolized through CYP2C9 and 
CYPXC19 isoforms. At 34 °C for 72 h, phenyt-
oin area under the curve was increased by 180%. 
Midazolam, a CYP3A4/5 substrate, is reported to 
show a fivefold increase in plasma concentration 
in hypothermic patients, with 84% increase in 
volume of distribution under hypothermic condi-
tions. It is estimated that systemic clearance of 
midazolam is reduced 11.1% per °C reduction in 
body temperature.

Vecuronium, also a CYP3A-metabolized 
agent, was estimated to have reduced clearance 
11.3% per °C in healthy volunteers. Thus, it is 
clear that metabolism of drugs depending on 
CYP3A activity would be inhibited during hypo-
thermic conditions.

CYP2C9 and CYP2C19 are important isoforms 
for drugs such as carbamazepine, neostigmine, 
phenytoin, and pentobarbitone. Pentobarbitone 
(CYP2C19 and CYP2B6) levels are also increased 

during hypothermic conditions, as excretion was 
delayed along with increased volume of distribu-
tion. Rocuronium is metabolized through CYP2D6 
and CYP2C19. Under hypothermic conditions, 
there is reduction in plasma clearance due to 
reduction in metabolic rate.

While drug metabolism and clearance are 
decreased under these conditions, they remain 
decreased after rewarming. Even at 6  h after 
rewarming, fentanyl concentrations were 
increased when compared to baseline normother-
mic conditions.

Longer periods of observation may be addi-
tionally required after rewarming for agents with 
a longer half-life. Assuming normal hepatic and 
renal function, it is recommended to use five 
times the drug half-life to gauge adequate clear-
ance as a prerequisite before formal brain death 
declaration [7].

Consequently, during hypothermic conditions, 
reduced metabolism and drug clearance are seen 
for opiates, benzodiazepines, and neuromuscular 
blockers, and extra caution must be exercised in 
these patients prior to declaration of brain death 
[19].

Details of pharmacokinetics affecting brain 
death testing are provided in Table 4.3.

Proposed observation periods for observation 
before declaration include

	(a)	 Four hours for apneic coma after major neu-
rosurgery, confirmed aneurysm, or aneurys-
mal re-bleed; head injury with no secondary 
brain damage from hematoma, shock, or 
brain hypoxia; spontaneous intracranial 
hemorrhage without secondary hypoxic 
brain damage

	(b)	 24 hours after brain hypoxia after drowning 
and cardiac arrest

	(c)	 More than 50–100  h for any of the above 
conditions with suspicion of drug intoxica-
tion, without any screening facilities [20]

In situations where therapeutic hypothermia is 
used after return of spontaneous circulation, 
neuro-prognostication should be delayed for at 
least 72  h after return of normothermia [21] 
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according to American Academy of Neurology, 
and 2015 updated ACLS guidelines. Even in nor-
mothermic circumstances, it is now advised to 
wait until after 72 h after cardiac arrest to simply 
prognosticate [21].

The waiting period before declaration may be 
abbreviated by performing an ancillary test of 
cerebral blood flow to substantiate the clinical 
examination, as hypothermia cannot protect 
against the sustained cessation of blood flow.

Variability exists across the world with respect 
to observation times between clinical examina-
tions. It is our institutional policy to perform a con-
firmatory clinical examination 6  h from the first 
formal brain death examination. In Europe, similar 
to Asia, the range of observation period between 
examinations is quite wide (2–12  h) [22, 23]. 
Greece, Lithuania, Sri Lanka have the longest 
periods of 12 h between examinations, Indonesia 
allows only 25 min [23], while Denmark stipulates 
1 h between examinations [22].

One of the drawbacks of prolonged periods of 
observation between two examinations is a high 
rate of cardiac arrest (12%), and is associated 
with intensive care unit costs and loss of viable 
organs [24].

One of the most consistent motor responses 
observed in patients undergoing brain death test-
ing are spinal reflexes [25–27]. Neuronal inter-
connections present in the spinal cord are thought 
to be involved in the generation of spinal reflex 
movements—“central generators”. The cortico-
spinal and rubrospinal tracts in the spinal lateral 
funiculus are control pathways for distal motor 

control of the extremities. The vestibulospinal 
and reticulospinal tracts ventrally in the spinal 
white matter are the media of control over muscle 
tone, posture, and “synergistic” whole limb move-
ment. These and the central generators are inhib-
ited by supraspinal glycinergic neurotransmitters. 
Disconnection from inhibition after spinal cord 
injury or brain death increases excitability at the 
spinal level-inciting spinal reflex movements to 
varying stimuli. 40–50% of patients exhibit reflex 
movements after declaration of brain death [25, 
26, 28]. Some of the spontaneous and reflex 
movements (SRMs) that have been described 
include flexor extensor plantar responses, triple 
flexion response, abdominal reflex, cremasteric 
reflex, tonic neck reflexes, isolated jerks of the 
upper extremities, asymmetric opthistotonic pos-
turing of trunk, undulating toe flexion sign, myoc-
lonus, Lazarus sign, respiratory-like movements, 
quadriceps contraction, eye opening response, leg 
movements mimicking periodic leg movement, 
thumbs up sign [29], and facial myokymia [30].

Majority of the Intra- hospital deaths are 
declared by cardio-respiratory definitions. When 
faced with a relative who is brain dead, families 
are often unaware of the clinical criteria used for 
brain death declaration. It is not uncommon for 
families to be startled, or shocked by these find-
ings and in some cases refuse to accept the diag-
nosis. Those unfortunate situations may be 
accentuated by the appearance of spinal reflexes 
without warning or preparation.

In questionnaire-based studies by Omrod 
et  al. [31], and Pugh et  al. [32], families were 
receptive to the idea of participating in brain 
death examination, which in turn would have 
helped them in understanding brain death. In 
fact, in a subsequent randomized control study, 
Tawil et al. [33] demonstrated that allowing fam-
ilies to participate in the examination was safe, 
feasible, and improved the understanding of 
brain death without apparent adverse impact on 
their psychological well-being. Just as family 
presence during rounds and during cardio-pul-
monary resuscitation, and open family visiting 
has been shown to improve communication and 
understanding of information, this likely also 
holds true with family presence during brain 
death evaluation [34].

A 36-year-old woman is admitted with 
anoxic brain injury. She undergoes a 24-h 
period of observation and the medical team 
proceeds with evaluation and declaration of 
brain death, as immediate family is making 
efforts to arrive at the bedside. Upon 
arrival, but after declaration, the family 
notice she is “moving her toes” and subse-
quently refuse to believe in the examina-
tion and subsequent discontinuation of 
mechanical ventilation.
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Around brain death declaration, some com-
monly observed comments from families include 
the lack of opportunity to participate during brain 
death examination, and lack of formal educa-
tional and support tools to better understand brain 
death in general [35–37].

Participation in the brain death examination 
[38] provides opportunities for physicians to 
demonstrate clinical criteria used in the declara-
tion of brain death as well as providing education 
regarding confusing motor signs described in 
brain-dead patients such as Babinski’s, Lazarus, 
and thumbs up signs. It also provides opportunity 
to educate the family about post-declaration 
events, and alleviates anxiety and fears surround-
ing this emotionally distressing clinical exercise 
[39–41].

It is important to note that declaration of brain 
death is a process, and opportunities to provide 
educational and coping support tools not only to 
families, but also to fellow physicians, nurses, 
and other allied health personnel should not be 
missed.

A multi-step approach has been advocated for 
communication with families of patients suffer-
ing devastating brain injury. These include (i) ini-
tial communication with the relatives about the 
patient’s severe condition, (ii) subsequent com-
munication of the adverse prognosis, including 
the high probability of brain death (iv) confirma-
tion of the diagnosis and declaration of death, (v) 
allow time to be with the patient, and finally (vi) 
depending upon patient’s organ donation eligibil-
ity [42], allow for local organ procurement 
agency to approach the family to discuss dona-
tion. In the United States and many other coun-
tries, the pathways of brain death declaration and 
organ donation are kept separate (Fig. 4.1).

In a not-so-uncommonly encountered clinical 
scenario, families may request continuation of 
organ support due to either nonacceptance of 
death, distrust of treating physicians, religious 
beliefs, or simply out of wishes to await arrival of 
other family members.

Each of these situations is unique and there is 
need for detailed understanding of the exact rea-
son for continuation of organ support before 
making a final clinical decision. Often, the physi-
cian is left to his or her clinical judgment to con-
tinue organ support, as there is lack of specific 
protocols in many countries to clearly address 
these issues.

There are pros and cons for delaying the dis-
continuation of organ support. The advantages 
include providing families additional time to 
come to terms with patient’s death, which may 
allow more family members to be present at time 
of discontinuation of life support. However, con-
fusion about patient’s clinical status, potential vio-
lation of bodily integrity and dignity, and the 
institutional financial implications of maintaining 
a dead patient in the intensive care unit (especially 
where resources are limited) may inhibit this 
practice.

In some circumstances, families can deny 
acceptance of brain death due to religious rea-
sons (conscience clause). There are only select 
few states in the United States, such as New 
Jersey [5], New York and California, which allow 
for accommodation of religious and moral 
objections [43]. All other states within the US 
mandate prompt discontinuation of mechanical 
ventilation. The majority of major world reli-
gions recognize the diagnosis of brain death [44].

A 23-year-old Native American male 
with severe traumatic brain injury is admit-
ted to the neurocritical care unit. Physician 
declares patient brain dead by clinical cri-
teria. Family requests continuation of 
mechanical ventilation due to religious rea-
sons, and until additional family members 
arrive from out-of-town.

A 45-year-old lady with high-grade sub-
arachnoid hemorrhage has undergone 
aggressive medical and endovascular man-
agement of severe diffuse vasospasm. The 
resident physician orders a Technetium-99 
scan to evaluate for cerebral circulatory 
arrest. In his opinion, there is no need to do 
an exam, as simply demonstrating lack of 
cerebral blood flow is confirmatory of brain 
death.
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First and foremost, brain death is a clinical 
diagnosis of an absence of neurological function. 
The clinical diagnosis of brain death at its core 
demonstrates the absence of cerebral and brain 
stem function.

Multiple scenarios exist where ancillary test-
ing may be appropriately performed and offer 
resolution of uncertainty [45]. These include the 
presence of conditions that depress apparent level 
of consciousness (recent use of sedatives, opi-

Rule out / reverse confounding factors

Set up family conference
• Inform family about devastating brain injury 
• Inform about possibility of brain death 
• Provide educational opportunity regarding examination findings and
   their significance
• Enquire about religious and moral beliefs surrounding brain death
   declaration
• Educate families about post-declaration events

• Formalize time course for brain death testing
• Establish need for ancillary testing
• Offer families opportunity to witness brain death clinical examination

Notify local organ procurement
organization (OPO) per established
standard

OPO Verify organ donor status
OPO Verify organ donation eligibility

Declaration of brain death 

Families approached regarding organ
donation by OPO 

Allow families time to be with patient 

brain death declarationSuspected severe brain injury (GCS ≤ 5)

Severe brain injury confirmed by clinical
examination (absent brain motor response, absent

brainstem reflexes) and neuroimaging

Fig. 4.1  Process of brain death declaration
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ates, neuromuscular blockers [12]), conditions 
that may prevent full assessment of cranial nerves 
(acute or pre-existing ophthalmological condi-
tions, facial and skull-base trauma, severe neuro-
muscular conditions or pre-existing cranial 
neuropathies), conditions that may interfere with 
reliable apnea testing (physiological instability 
with severe hypoxia, hypotension or metabolic 
acidosis, high cervical spinal cord injuries, 
chronic respiratory acidosis), and conditions 
where physical examination may not prove 
whole-brain death (posterior fossa mass effect, 
brainstem hemorrhage or infarction, and in diag-
nosis within the initial 24 h following return of 
spontaneous circulation after cardiac arrest).

Less widely accepted indications for ancillary 
testing include unclear etiology of brain death, 
patient’s family refusal of the clinical diagnosis 
of brain death, and abnormal movements induc-
ing uncertainty on the diagnosis [45].

In any of these circumstances where a com-
prehensive clinical examination cannot be per-
formed with confidence, ancillary testing can be 
carried out for demonstration of cerebral circula-
tory arrest. Following as much clinical examina-
tion as possible, the clinician can then declare the 
patient brain dead using available clinical criteria 
and ancillary test findings. It is important to con-
sider the possible errors associated with ancillary 
testing, and reiterating to all involved in clinical 
care that the most appropriate examination is still 
a clinical one, supplemented by ancillary investi-
gations as appropriate.

Ancillary testing is not mandatory in the 
United States and United Kingdom [46], but may 
be so in other countries, such as China, Japan, and 
South Korea [23]. Within Europe, EEG is manda-
tory for defining brain death in five of the 28 EU 
countries [22]. In countries such as Estonia, the 
Netherlands, and Spain, an ancillary test can be 
used to confirm brain death or shorten observa-
tion between tests [22]. Ancillary testing is also 
required in Pan-American region (Argentina, 
Brazil, Ecuador, Honduras, Mexico), Southeast 
Asian region (India, Indonesia, Sri Lanka), 
Western Pacific region (Australia, South Korea, 
Vietnam), and Eastern Mediterranean region 
(Jordan, Lebanon, Qatar, Saudi Arabia) [10].

Of the many ancillary tests available, the most 
commonly performed tests include EEG (84%), 
conventional angiography (74%), radionuclide 
scintigraphy (66%), transcranial Doppler (TCD) 
(42%), somatosensory evoked potentials (18%), 
and MR angiography (9%) [12].

While ancillary testing is not mandatory in the 
USA, in a survey of 600 hospitals across the 
country, nine hospitals mandated them, with the 
majority accepting EEG and cerebral blood flow 
and angiographic studies [47].

While newer ancillary testing is being increas-
ingly reported in brain death declarations [48–52] 
according to 2010 AAN practice parameters, due 
to high risk of bias and inadequate statistical pre-
cision [53], there is insufficient evidence to sup-
port use of new ancillary testing such as CT 
angiography, MRI or MR angiography, and 
bispectral index [7]. The preferred ancillary tests 
include EEG (minimum eight scalp electrodes), 
nuclear scan (technetium Tc 99 m hexametazime 
(HMPAO)) [54], cerebral angiogram [54] (inject 
contrast medium in the aortic arch), and transcra-
nial Doppler [55, 56, 57] (TCD, used only if reli-
able signal found with demonstration of 
reverberating flow or small systolic spikes in 
early systole on bilateral insonation or both ante-
rior and posterior circulation) [7].

�Conclusion

Thorough understanding of accepted institu-
tional, national, and international standards, 
along with a well-mapped practical algorithm 
provides a solid framework for determination 
of brain death across various clinical 
scenarios.

References

	 1.	Uniform Delaration of Death Act http://www.health-
care.findlaw.com1980 [cited 2015 October 22]. 
Available from: http://pntb.org/wordpress/wp-
content/uploads/Uniform-Determination-of-Death-
1980_5c.pdf.

	 2.	A definition of irreversible coma. Report of the Ad 
Hoc Committee of the Harvard Medical School to 
examine the definition of brain death. JAMA. 
1968;205(6):337–40.

4  Brain Death: Understanding the Process of Brain Death Declaration Through Real-Life Case Scenarios

http://www.healthcare.findlaw.com1980
http://www.healthcare.findlaw.com1980
http://pntb.org/wordpress/wp-content/uploads/Uniform-Determination-of-Death-1980_5c.pdf
http://pntb.org/wordpress/wp-content/uploads/Uniform-Determination-of-Death-1980_5c.pdf
http://pntb.org/wordpress/wp-content/uploads/Uniform-Determination-of-Death-1980_5c.pdf


66

	 3.	Mohandas A, Chou SN. Brain death. A clinical and 
pathological study. J Neurosurg. 1971;35(2):211–8.

	 4.	Molinari GF. Collaborative Study of Brain Death, The 
National Institutes of Health, National Institute of 
Neurological and Communicative Disorders and 
Stroke 1981.

	 5.	Olick RS. Brain death, religious freedom, and public 
policy: New Jersey’s landmark legislative initiative. 
Kennedy Inst Ethics J. 1991;1(4):275–92.

	 6.	Practice parameters for determining brain death in 
adults (summary statement). The quality standards 
subcommittee of the American Academy of 
Neurology. Neurology. 1995;45(5):1012–4.

	 7.	Wijdicks EF, Varelas PN, Gronseth GS, Greer 
DM. American academy of N. Evidence-based guide-
line update: determining brain death in adults: report 
of the quality standards subcommittee of the American 
Academy of Neurology. Neurology. 2010;74(23): 
1911–8.

	 8.	Kramer AH, Zygun DA, Doig CJ, Zuege DJ. Incidence 
of neurologic death among patients with brain injury: 
a cohort study in a Canadian health region. CMAJ. 
2013;185(18):E838–45.

	 9.	Wijdicks EF. Brain death guidelines explained. Semin 
Neurol. 2015;35(2):105–15.

	10.	Wahlster S, Wijdicks EF, Patel PV, Greer DM, 
Hemphill 3rd JC, Carone M, et al. Brain death decla-
ration: practices and perceptions worldwide. 
Neurology. 2015;84(18):1870–9.

	11.	An appraisal of the criteria of cerebral death. A sum-
mary statement. A collaborative study. JAMA. 
1977;237(10):982–6.

	12.	Greer DM, Varelas PN, Haque S, Wijdicks 
EF.  Variability of brain death determination guide-
lines in leading US neurologic institutions. Neurology. 
2008;70(4):284–9.

	13.	Araki T, Yokota H, Ichikawa K, Osamura T, Satomi 
A, Tsuru T, et al. Simulation-based training for deter-
mination of brain death by pediatric healthcare pro-
viders. Springerplus. 2015;4:412.

	14.	Hocker S, Schumacher D, Mandrekar J, Wijdicks 
EF. Testing confounders in brain death determination: 
a new simulation model. Neurocrit Care. 
2015;23(3):401–8.

	15.	Hocker S, Wijdicks EF.  Simulation training in brain 
death determination. Semin Neurol. 2015;35(2):180–7.

	16.	MacDougall BJ, Robinson JD, Kappus L, Sudikoff SN, 
Greer DM.  Simulation-based training in brain death 
determination. Neurocrit Care. 2014;21(3):383–91.

	17.	Giani M, Scaravilli V, Colombo SM, Confalonieri A, 
Leo R, Maggioni E, et al. Apnea test during brain death 
assessment in mechanically ventilated and ECMO 
patients. Intensive Care Med. 2016;42(1):72–81.

	18.	Zhou J, Poloyac SM. The effect of therapeutic hypo-
thermia on drug metabolism and response: cellular 
mechanisms to organ function. Expert Opin Drug 
Metab Toxicol. 2011;7(7):803–16.

	19.	Webb AC, Samuels OB. Reversible brain death after 
cardiopulmonary arrest and induced hypothermia. 
Crit Care Med. 2011;39(6):1538–42.

	20.	The ANZICS Statement on Death and Organ Donation 
(Edition 3.2). 2013.

	21.	Ludikhuize J, Brunsveld-Reinders AH, Dijkgraaf 
MG, Smorenburg SM, de Rooij SE, Adams R, et al. 
Outcomes associated with the nationwide introduc-
tion of rapid response systems in the Netherlands. Crit 
Care Med. 2015;43(12):2544–51.

	22.	Citerio G, Murphy PG.  Brain death: the European 
perspective. Semin Neurol. 2015;35(2):139–44.

	23.	Chua HC, Kwek TK, Morihara H, Gao D.  Brain 
death: the Asian perspective. Semin Neurol. 
2015;35(2):152–61.

	24.	Lustbader D, O’Hara D, Wijdicks EF, MacLean L, 
Tajik W, Ying A, et al. Second brain death examina-
tion may negatively affect organ donation. Neurology. 
2011;76(2):119–24.

	25.	Dosemeci L, Cengiz M, Yilmaz M, Ramazanoglu 
A.  Frequency of spinal reflex movements in brain-
dead patients. Transplant Proc. 2004;36(1):17–9.

	26.	Han SG, Kim GM, Lee KH, Chung CS, Jung 
KY. Reflex movements in patients with brain death: a 
prospective study in a tertiary medical center. J Korean 
Med Sci. 2006;21(3):588–90.

	27.	Jain S, DeGeorgia M. Brain death-associated reflexes 
and automatisms. Neurocrit Care. 2005;3(2):122–6.

	28.	Saposnik G, Basile VS, Young GB.  Movements in 
brain death: a systematic review. Can J  Neurol Sci. 
2009;36(2):154–60.

	29.	Mittal MK, Arteaga GM, Wijdicks EF.  Thumbs up 
sign in brain death. Neurocrit Care. 
2012;17(2):265–7.

	30.	Beckmann Y, Ciftci Y, Incesu TK, Secil Y, Akhan 
G. Spinal reflexes in brain death. Acta Neurol Belg. 
2014;114(4):303–6.

	31.	Ormrod JA, Ryder T, Chadwick RJ, Bonner 
SM.  Experiences of families when a relative is 
diagnosed brain stem dead: understanding of death, 
observation of brain stem death testing and atti-
tudes to organ donation. Anaesthesia. 
2005;60(10):1002–8.

	32.	Pugh J, Clarke L, Gray J, Haveman J, Lawler P, 
Bonner S.  Presence of relatives during testing for 
brain stem death: questionnaire study. Br Med 
J. 2000;321(7275):1505–6.

	33.	Tawil I, Brown LH, Comfort D, Crandall CS, West 
SD, Rollstin AD, et al. Family presence during brain 
death evaluation: a randomized controlled trial*. Crit 
Care Med. 2014;42(4):934–42.

	34.	Davidson JE.  Improving the family experience 
through presence at brain death evaluation*. Crit Care 
Med. 2014;42(4):1002–3.

	35.	Burkle CM, Sharp RR, Wijdicks EF. Why brain death 
is considered death and why there should be no confu-
sion. Neurology. 2014;83(16):1464–9.

A. Lele and M. Souter



67

	36.	Doran M. The presence of family during brain stem death 
testing. Intensive Crit Care Nurs. 2004;20(1):32–7.

	37.	Long T, Sque M, Addington-Hall J. Conflict rationali-
sation: how family members cope with a diagnosis of 
brain stem death. Soc Sci Med. 2008;67(2):253–61.

	38.	Kompanje EJ, de Groot YJ, Bakker J, Ijzermans JN. A 
national multicenter trial on family presence during 
brain death determination: the FABRA study. 
Neurocrit Care. 2012;17(2):301–8.

	39.	Long T, Sque M, Addington-Hall J. What does a diag-
nosis of brain death mean to family members 
approached about organ donation? A review of the lit-
erature. Prog Transplant. 2008;18(2):118–25. quiz 26

	40.	McAdam JL, Dracup KA, White DB, Fontaine DK, 
Puntillo KA. Symptom experiences of family mem-
bers of intensive care unit patients at high risk for 
dying. Crit Care Med. 2010;38(4):1078–85.

	41.	McAdam JL, Puntillo K. Symptoms experienced by 
family members of patients in intensive care units. 
Am J Crit Care. 2009;18(3):200–9. quiz 10

	42.	Kompanje EJ.  Families and brain death. Semin 
Neurol. 2015;35(2):169–73.

	43.	Olick RS, Braun EA, Potash J. Accommodating reli-
gious and moral objections to neurological death. 
J Clin Ethics. 2009;20(2):183–91.

	44.	Bernat JL. The concept and practice of brain death. 
Prog Brain Res. 2005;150:369–79.

	45.	Kramer AH. Ancillary testing in brain death. Semin 
Neurol. 2015;35(2):125–38.

	46.	Smith M. Brain death: the United kingdom perspec-
tive. Semin Neurol. 2015;35(2):145–51.

	47.	Powner DJ, Hernandez M, Rives TE.  Variability 
among hospital policies for determining brain death in 
adults. Crit Care Med. 2004;32(6):1284–8.

	48.	Brasil S, Bor-Seng-Shu E, de-Lima-Oliveira M, M 
KA, M JT, Bernardo L, et  al. Role of computed 
tomography angiography and perfusion tomography 
in diagnosing brain death: a systematic review. 
J Neurobiologia. 2015;43(2):133–140.

	49.	Sahin H, Pekcevik Y. CT angiography as a confirma-
tory test in diagnosis of brain death: comparison 
between three scoring systems. Diagn Interv Radiol. 
2015;21(2):177–83.

	50.	Sawicki M, Bohatyrewicz R, Safranow K, Walecka A, 
Walecki J, Rowinski O, et al. Computed tomographic 
angiography criteria in the diagnosis of brain death-
comparison of sensitivity and interobserver reliability 
of different evaluation scales. Neuroradiology. 
2014;56(8):609–20.

	51.	Taylor T, Dineen RA, Gardiner DC, Buss CH, 
Howatson A, Pace NL. Computed tomography (CT) 
angiography for confirmation of the clinical diagnosis 
of brain death. Cochrane Database Syst Rev. 
2014;3:CD009694.

	52.	Venkatram S, Bughio S, Diaz-Fuentes G.  Clinical 
brain death with false positive radionuclide cerebral 
perfusion scans. Case Rep Crit Care. 
2015;2015:630430.

	53.	Greer DM, Strozyk D, Schwamm LH. False positive 
CT angiography in brain death. Neurocrit Care. 
2009;11(2):272–5.

	54.	Young GB, Shemie SD, Doig CJ, Teitelbaum J. Brief 
review: the role of ancillary tests in the neurological 
determination of death. Can J  Anaesth. 
2006;53(6):620–7.

	55.	Chang JJ, Tsivgoulis G, Katsanos AH, Malkoff MD, 
Alexandrov AV.  Diagnostic accuracy of transcranial 
doppler for brain death confirmation: systematic 
review and meta-analysis. AJNR Am J Neuroradiol. 
2016;37(3):408–14.

	56.	Sharma D, Souter MJ, Moore AE, Lam AM. Clinical 
experience with transcranial Doppler ultrasonography 
as a confirmatory test for brain death: a retrospective 
analysis. Neurocrit Care. 2011;14(3):370–6.

	57.	Hadani M, Bruk B, Ram Z, Knoller N, Spiegelmann 
R, Segal E. Application of transcranial doppler ultra-
sonography for the diagnosis of brain death. Intensive 
Care Med. 1999;25(8):822–8.

4  Brain Death: Understanding the Process of Brain Death Declaration Through Real-Life Case Scenarios



69© Springer International Publishing Switzerland 2017 
Z.H. Khan (ed.), Challenging Topics in Neuroanesthesia and Neurocritical Care, 
DOI 10.1007/978-3-319-41445-4_5

Paroxysmal Sympathetic 
Hyperactivity Following Acute 
Acquired Brain Injury

Parmod Kumar Bithal and Keshav Goyal

5.1	 �Introduction

Elevated physiological parameters from increased 
sympathetic surge are common following severe 
acute brain insult from many pathological condi-
tions, most commonly following traumatic brain 
injury (TBI). In TBI patients admitted to intensive 
care unit (ICU), the incidence of elevated physio-
logical parameters is seen in 62–92% [1, 2]. 
However, a subset of these patients develops 
exaggerated sympathetic response that has the 
potential to produce additional significant 
morbidity.

Paroxysmal sympathetic hyperactivity (PSH) 
is a syndrome of episodic physiological sympa-
thetic hyperactivation associated with acute 
brain insult [3, 4]. The conceptual definition of 
PSH has been given recently by a group of inter-
national multidisciplinary experts as “A syn-
drome, recognized in a subset of survivors of 
severe acquired brain injury, of simultaneous, 

paroxysmal transient increase in sympathetic 
and motor (posturing) activity” [5]. The parox-
ysms of the condition generally develop abruptly 
and episodically and last for a brief period of 
time, but they can also last longer and result in 
secondary brain damage and even death [3, 6, 7]. 
Lack of awareness about this entity often leads 
to unnecessary work-up, administration of costly 
investigations and medications, which, in turn 
leads to prolonged hospitalization and poten-
tially harmful outcome of the patients [8, 9].

This syndrome was first described by Penfield 
in 1929, wherein, he described a female patient 
with a tumor near the third ventricle who experi-
enced episodes of diaphoresis, pupillary dilation, 
hypertension, and shivering, and he coined the 
term “diencephalic autonomic seizures” [10]. 
Since then many different terms and clinical crite-
ria have been used in the literature for this disor-
der: episodic autonomic instability, dysautonomia, 
autonomic dysregulation, central autonomic dys-
function, paroxysmal autonomic instability with 
dystonia (PAID), sympathetic storming, auto-
nomic storming, dysautonomic crisis, dience-
phalic fits, diencephalic autonomic seizures, and 
paroxysmal sympathetic hyperactivity [4]. One 
feature that remains common is the episodic dys-
regulation of the sympathetic nervous system. 
The term paroxysmal sympathetic hyperactivity, 
first given by Rabinstein [ (11)], has been recently 
accepted by consensus among the international 
expert group [5, 12–14]. However, there is no 
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consensus regarding risk factors, pathophysiology 
and treatment approaches.

This chapter will provide an overview of the 
epidemiology, etiology, pathophysiology, risk 
factors, clinical features, differential diagnosis, 
management, outcome and prognostication, and 
future directions of PSH after acute brain injury.

5.2	 �Epidemiology

A large chunk of the data is representative of 
patients with TBI.  Estimated prevalence of 
PSH ranges from 7.7% to 41% in patients 
admitted to the ICU [1, 11–19]. Such wide 
range reflects differences in the patient popula-
tion under study, diagnostic criteria being con-
sidered, and time of examination. Baguley 
et al. [1] in their study in TBI patients showed 
that 92% patients had evidence of autonomic 
hyperactivation within the first week; at the 
end of first week it reduced to 25% of patients 
and at 2 weeks only 8% met the criteria for 
dysautonomia.

5.3	 �Etiology

PSH can result from any acute brain insult, but 
majority of the cases are reported after TBI 
(79.4%), hypoxic brain insult (9.7%), and stroke 
(5.4%) [4]. Most of the studies are skewed in 
favor of TBI population, because brain trauma 
constitutes the most common cause of acquired 
acute brain injury. High proportion of patients 
with encephalitis (70–80%) too shows symp-
toms similar to PSH, but since encephalitis is not 
as common as TBI, it has not received due atten-
tion in the literature [1]. Patients with N-Methyl 
D-Aspartate (NMDA) receptor-associated 
encephalitis have a rather aggressive and diffi-
cult to treat PSH-like syndrome [18, 20, 21]. 
Recently, PSH associated with meningoenceph-
alitis has also been reported in children [19]. 
PSH has been reported after tubercular meningi-
tis, intracranial hemorrhage (ICH), and sub-
arachnoid hemorrhage (SAH), tumors and 
hydrocephalus [22–24]. However, the clinical 

manifestations of the syndrome remain similar 
irrespective of etiology [4].

5.4	 �Pathophysiology

There is lack of extensive investigation in the 
field of the pathophysiology of PSH.  Initially, 
epileptic discharges arising from diencephalon 
were considered responsible for this entity. 
However, failure to identify epileptic discharges 
during the episode led to this theory being dis-
carded. Although seizure can accompany PSH, it 
is not caused by epileptic discharge [25–30]. 
Moreover, antiepileptic agents do not control this 
disorder. The commonly proposed mechanism 
causing PSH is an imbalance of adrenergic 
outflow.

Instead of epileptic seizure as a cause, now 
there is greater support for disconnection theory. 
According to this theory, dysautonomia follows 
the release of one or more excitatory centers from 
the higher control. Thus the functional discon-
nection results in heightened activity of dien-
cephalon and its connections due to either direct 
activation or disinhibition, that is, a release phe-
nomenon [11, 26, 27]. The precise anatomic 
location of the dysfunction remains elusive, and 
the proposed sites vary from the medulla, brain-
stem, diencephalon, and hypothalamus to cortical 
and subcortical centers and the connections in 
between [29–33]. Regardless of the location of 
the lesions, the final common pathway is exces-
sive sympathetic discharge.

Recently, the excitatory–inhibitory ratio (EIR) 
model has been postulated to explain the patho-
physiology of PSH. This model readily explains 
pathophysiology compared with the disconnec-
tion model. It hypothesizes the over-reactive 
nature of responses of these patients to even non-
noxious stimuli. A balance of sympathetic and 
parasympathetic input modulates autonomic 
efferents centrally at the level of the spinal cord 
.Additionally, afferents from the spinal cord can 
modulate this balance with input, such as noxious 
stimuli, from the environment [3, 34–36]. This 
model suggests that the afferent stimulus from 
the spinal cord has an allodynic tendency, 
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normally controlled by tonic inhibition from 
higher centers (diencephalic/brainstem). Any 
damage to these inhibitory centers releases excit-
atory spinal cord process. Once the tonic inhibi-
tory cycle is broken, there is positive-feedback 
loop that produces sympathetic over-activity to 
any afferent stimuli [3, 36]. This model is able to 
explain how a normally nonnoxious stimulus can 
become a noxious stimulus and is accompanied 
with an uncontrolled sympathetic response. One 
advantage of the EIR theory over conventional 
disconnection theory is the ability of the former 
to explain the constellation of symptoms related 
to the sympathetic over reactivity associated with 
stimuli [37].

5.5	 �Risk Factors

Though PSH is more often associated with severe 
brain injury, in a prospective study it was 
observed that characteristics of PSH and non-
PSH groups at admission were similar in terms of 
severity of TBI and extraneurological injury 
severity [12]. Younger age is associated with 
higher risk of PSH because the response of the 
autonomic nervous system to external stimuli is 
stronger in this age group [8, 38, 39]. Hypoxic 
brain injury is another risk factor to develop this 
syndrome [40]. Stroke patients too, are prone to 
develop this syndrome, with hemorrhagic stroke 
more commonly associated with PSH than isch-
emic stroke (ratio of 4:1) [4]. PSH is often associ-
ated with large (volume >60 ml), right-sided 
intracranial hemorrhage (right:left = 7:2), mostly 
involving subcortical structures [11, 22, 41–45]. 
Injuries along the pathway from the insular cor-
tex to downstream sympathetic centers may abol-
ish tonic inhibition originating from that insular 
cortex, leading to unopposed sympathetic out-
flow. Literature suggests that both insular corti-
ces affect the sympathetic tone but right-sided 
insular cortex plays a greater role in controlling 
the sympathetic surge [22]. Although studies 
have observed male gender to be associated with 
increased incidence of PSH, but it may be a con-
founding factor as most studies have been con-
ducted in TBI patients which have male 

preponderance [4, 12, 17]. Many studies have 
reported that patients with diffuse axonal injury 
(DAI) are prone to higher risk of developing PSH 
[8, 26, 34, 46, 47]. Almost all TBI patients have 
some degree of DAI irrespective of focal lesions 
[48]. Emergence from coma and liberation from 
high-dose opiates and sedatives are usually the 
precursors of PSH. Raised intracranial pressure 
(ICP) was thought to be associated with PSH epi-
sodes and it was considered both as a driver as 
well as a feature of it [43, 49–51]. But Fernandez-
Ortega et al. [12] failed to show any alterations in 
measured ICP during and in between episodes of 
PSH.

5.6	 �PSH and Children

Children present with different clinico-
epidemiological features. According to Moeller 
et al., most of the data analysis done on children 
with encephalitis and meningoencephalitis have 
observed PSH in 41% of children [19]. These 
authors also observed PSH to be more frequent in 
female children, and these children present with 
fever and/or seizure. Seizures at presentation are 
reported in 88% of patients with PSH while only 
in 50% patients without PSH. Similarly, fever is 
present in 94% of PSH patients and only 63% 
patients of non-PSH group [19].

5.7	 �Imaging Studies 
for Detection of Risk Factors

Various imaging modalities may predict the risk 
of PSH.  Computerized scan (CT scan) studies 
have suggested that focal intracranial lesions 
(extradural hematoma, subdural hematoma, and 
space-occupying lesions) may be common in 
patients with PSH [12]. While there are other 
studies which have reported a significant pres-
ence of diffuse or very heterogeneous lesions in 
both intracerebral and extracerebral structures in 
patients who develop PSH [1, 34].

Sensitivity of MRI is more than that of CT 
scan for detecting lesions in the corpus callosum, 
insula, diencephalon, deep nuclei, and brainstem, 
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which appear to be associated with the occur-
rence of PSH. Recently, MRI studies have shown 
injury to various other brain structures, empha-
sizing the importance of DAI as a causative fac-
tor [7, 52]. Patients with PSH have more number 
of lesions in the dorsolateral aspect of the mid-
brain and upper pons compared to the number of 
lesions in the cortex, sub-cortex, corpus callo-
sum, and diencephalon [38]. PSH has also been 
attributed to bilateral diencephalon lesions in 
hypoxic ischemic encephalopathy, and multiple 
micro-bleeds on the susceptibility-weighted 
imaging are associated with PSH [53, 54]. 
Mesencepahalic injury too, has been associated 
with higher risk. However, contrary to above 
findings, brainstem and diencephalic abnormali-
ties were comparable in critically ill children in 
PSH and non-PSH group [19]. More advanced 
tools such as diffusion tensor imaging, functional 
MRI, or PET scan may have role in providing 
better anatomical localization of PSH [12].

5.8	 �Association Between Plasma 
Catecholamine Levels 
and PSH

Increase in dopamine, adrenaline, and nor-
adrenaline levels during the episode has been 
reported in PSH [55]. Levels are elevated in pro-
portion to the severity of injury and neurologic 
outcome of PSH [55, 56]. Given the brief eleva-
tions in plasma catecholamines, variability 
between patients and complex factors that influ-
ence serum catecholamine levels, an absolute 
threshold level of catecholamines to diagnose 
PSH is unrealistic [3].

5.9	 �Clinical Features 
and Diagnosis

A high index of suspicion and clinical examina-
tion is the mainstay of detecting this entity. 
Furthermore, PSH is a diagnosis of exclusion, 
and one should rule out opioid and/or sedation 
withdrawal resulting in agitation, and infection, 
before labeling it as PSH.  However, PSH may 

co-exist with these confounders, thereby making 
distinction between reactive sympathetic activa-
tion and PSH difficult. Characteristically, PSH 
tends to be triggered by minimal and/or nonnox-
ious external stimuli, such as touch, passive 
movement (turning, moving limbs, and bathing), 
tracheal tube suctioning, bladder distension or 
manipulation of the indwelling urinary catheter, 
and environmental stimuli such as loud noise.

Rabenstein and Benarroch [14] proposed to 
define PSH by the transient presence of four of 
the following six criteria in the absence of other 
causes of sympathetic activation:

	1.	 Fever (body temperature more than 38.3°C)
	2.	 Tachycardia (heart rate more than 120 beats 

per min or more than 100  in presence of 
beta-blocker)

	3.	 Hypertension (systolic blood pressure more 
than 160 mmHg or pulse pressure more than 
80 mmHg)

	4.	 Tachypnea (respiratory rate more than 30 per 
min)

	5.	 Excessive diaphoresis
	6.	 Extensor posturing or severe dystonia

Since these features may occur transiently, 
there should be at least one episode per day for at 
least 3 consecutive days in a patient with acquired 
brain injury. In addition, the concept of “trigger-
ing” of paroxysm following minor and/or non-
noxious stimuli has been proposed as a clinical 
sign that may help to differentiate individuals 
with and without this syndrome [35]. This feature 
of over-reactivity to nonnoxious stimuli or the 
allodynic response is a characteristic feature for 
making the diagnosis [36]. As many as 72% of 
patients with PSH develop symptoms with these 
nonnoxious external stimuli [9, 12]. Several 
authors have used only four or five of the most 
specific symptoms for identifying the syndrome 
[11, 17, 57]. In a retrospective analysis, tachycar-
dia was almost uniformly present. Diaphoresis, 
fever, hypertension, and tachypnea were also 
present in most cases. Dystonia and posturing 
were present in less than half of the patients [57]. 
Occasionally, patients may have pupillary dila-
tion and depressed level of consciousness. 
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Horripilation, agitation, and teeth grinding have 
also been considered part of the syndrome but 
occur less frequently [4, 11, 13, 57].

Recently, a multidisciplinary international 
committee [5], while preparing PSH diagnostic 
likelihood tool, has also considered six core sym-
pathetic and motor clinical features (tachycardia, 
tachypnea, hypertension, hyperthermia, sweat-
ing, and posturing during episodes). The impor-
tant clinical items to diagnose PSH according to 
this committee are:

	 1.	 Simultaneity of clinical features
	 2.	 Clinical features are paroxysmal in nature
	 3.	 Sympathetic over-reactivity to normally 

nonpainful stimuli
	 4.	 Absence of parasympathetic features during 

episodes
	 5.	 Features persist for more than 3 consecutive 

days
	 6.	 Features persist for more than 2 weeks post 

brain injury
	 7.	 Features persist despite treatment of alterna-

tive differential diagnoses
	 8.	 More than two episodes per day
	 9.	 Medications are required to decrease sympa-

thetic features
	10.	 Lack of alternative explanation
	11.	 Antecedent acquired brain injury

Based on various clinical features and diag-
nostic likelihood tool, the consensus committee 
has designed a numerical scale. This tool con-
sisted of two components; the diagnosis likeli-
hood tool (DLT) and clinical feature scale (CFS). 
The added numerical values of these two compo-
nents would give PSH assessment measure 
(PSH-AM), which tells the diagnostic likelihood 
of PSH at that time point in the particular patient. 
The DLT is derived from the aforementioned 11 
diagnostic items, with the presence of an item 
being scored as one and its absence as zero, giv-
ing DLT score range from 0 to 11. The CFS 
assigns a value (from 0 to 3 depending on the 
severity of clinical features) in a graded manner 
for the severity of PSH-like clinical features (six 
core sympathetic and motor features). The com-
bined total score of DLT and CFS will give 

PSH-AM.  If the total score of PSH-AM is less 
than 8, PSH is unlikely, it is possible if the 
numerical score is between 8 and 16 and, PSH is 
probable if the score is more than 16.

Various studies have failed to predict the dura-
tion and time course of the episode. The onset of 
paroxysms of PSH is usually in 5–7 days post brain 
injury or may even occur earlier. Mean time to 
diagnose the syndrome may be as late as 3 weeks, 
though more often than not the syndrome is identi-
fied within the first week following brain insult. 
Each episode of PSH lasts from 3–5 min to 1–2 h 
and recurs at a frequency of 2–3 to 8 times per day, 
with an average of 5.6 [12, 40, 50, 58]. It may con-
tinue into rehabilitation phase and may last for 
weeks to months post injury and in severe cases, it 
may persist even for more than 1 year [12, 36]. 
Symptoms of PSH may present either in an acute 
form or chronic, occurring over weeks to months. 
Acute PSH is more common, occurring in 25–33% 
patients with brain injury, while chronic is seen 
only in 8% and both presentations influence out-
come differently [8, 9, 11]. PSH lasting for a longer 
period is associated with poor outcome.

5.10	 �Differential Diagnosis

Owing to overlapping of symptoms of PSH with 
other common neurological sequelae of the acute 
brain injury, seizures, opioids withdrawal, airway 
obstruction, sepsis, etc., makes the diagnosis dif-
ficult, and often it is only the diagnosis of exclu-
sion. Rule out any infection and sepsis before 
making a diagnosis of PSH. Severe inflammatory 
response syndrome (SIRS) is one of the differen-
tial diagnoses [34]. Presence of hypotension and  
high or below normal total leucocyte count points 
to sepsis. However, physiological changes in 
SIRS are unrelated to any stimuli. Other causes of 
tachycardia and hypertension should be sought. 
The high incidence of seizures in the critically ill 
population supports the need for continuous EEG 
to rule out seizures in patients with abnormal 
repetitive movements and encephalopathy [59].

Other possible causes and differential diagno-
sis (Table 5.1) should be considered before diag-
nosing PSH [4, 24].
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5.11	 �Effects of PSH on Various 
Organ Systems

Table 5.2 depicts the multisystem sequelae of 
PSH [60].The dysautoregulated autonomic ner-
vous system may have a role in causing unop-
posed inflammation resulting in secondary brain 
injury .Extremely high metabolism and pro-
longed irregularities of gastrointestinal function 

can lead to decreased body weight by 25% in 
acute period alone [9, 61, 62]. Subsequent mal-
nourishment may predispose the patient to criti-
cal illness neuropathy. The risk of myocardial 
infarction is also a concern. Spastic quadriparesis 
and dystonic posturing during paroxysms are 
common, and in combination with weight loss 
lead to increased incidence of pain, pressure 
areas, and contractures. Dysautonomic episodes 
make splinting of extremities very difficult, with 
potential complications of ruptured tendons. 
Lack of voluntary movement and the potential 
for locked in syndrome to occur can result in 
undermanaged pain or a misdiagnosis of persis-
tent vegetative state [63]. There is also increased 
incidence of heterotrophic ossification [18], car-
diac ischemic injury [64], immune suppression 
[65], secondary brain injury, dehydration, and 
muscle wasting.

5.12	 �Natural History of PSH

The hospital course of brain-injured patients with 
dysautonomia may be studied under three phases:

The first phase, from admission to ICU to the 
cessation of paralysis and/or sedation, shows 

Table 5.1  Differential diagnosis of hypertension, tachy-
cardia, and dystonia following acquired acute brain injury

1. Neurological diseases
 � Increased intracranial pressure
 � Non-convulsive status epilepticus
 � Central fever
 � Autonomic dysreflexia
 � Cushing response
 � Agitation
 � Dystonia
 � Malignant catatonia
 � Stiff man syndrome
 � Paroxysmal sympathetic hyperactivity
 � Mixed autonomic hyperactivity syndrome (MAHS)
2. Infectious diseases
 � Meningitis
 � Encephalitis
 � Sepsis
 � Ventilator-associated pneumonia
 � Systemic inflammatory response syndrome (SIRS)
3. Drugs/toxins
 � Delirium
 � Serotonin syndrome
 � Acute drug withdrawal (intrathecal baclofen, 

dopamine agents)
 � Narcotic withdrawal
 � Neuroleptic syndrome
 � Malignant hyperthermia
 � Scorpion envenomation
 � Gamma hydroxybutyrate intoxication
 � Fenfluramine-phentirmine overdose
4. Endocrine diseases
 � Pheochromocytoma
 � Thyroid storm
5. Other diseases
 � Carotid sinus injury
 � Baroreceptor failure
 � Renal artery stenosis
 � Irukandji syndrome

Table 5.2  Multisystem dysfunctions associated with 
sympathetic surge [60]

Organ system Sign/symptom

Cardiovascular Tachycardia
Increased cardiac contractility
Increased cardiac output
Hypertension

Pulmonary Tachypnea
Bronchial dilation
Pulmonary edema

Eyes Pupillary dilation
Gastrointestinal (GI) Decreased GI motility

Increased tube feed residual
Ileus

Musculoskeletal Dystonia
Posturing
Contractures
Spasticity

Adrenal Increased release of 
epinephrine and 
norepinephrine
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little variability among the dysautonomic and 
nondysautonomic patients in terms of physiolog-
ical variables [8].

The onset of second phase heralds with the 
discontinuation of sedation/paralyzing agent. 
They show characteristic alterations in the vitals 
with higher regional muscle tone. In the early 
second phase, episodes are frequent, prolonged, 
and intense. Over a period, gradually the epi-
sodes decrease in duration, frequency, and inten-
sity; with resting blood pressure, heart rate, 
respiratory rate, and temperature returning to 
normal. During this phase any underlying neuro-
logical deficits become overt. Sweating patterns 
often vary in their occurrence from whole body 
to upper trunk to head and neck before ceasing 
entirely [27]. Most of these patients develop 
increased muscle tone with variable flexor, exten-
sor responses, or muscle dystonias in the extrem-
ities, neck, trunk, and facial muscles. Resolution 
of episodes is accompanied with improvement of 
neurological status, although many of them are 
left with variable degree of residual spasticity 
and dystonia.

In the third and final phase, regular paroxysms 
cease to occur. However, by this time, severe dys-
tonia will have resulted in major deformities of 
joints with markedly restricted range of move-
ments. According to Baguley et al. [25], noxious 
stimuli may still provoke an episode for at least 
14 months post injury, despite normal autonomic 
nervous system. Patients who are able to com-
municate by some means, often complain of per-
sistent abnormal painful response to normally 
nonnoxious stimuli.

5.13	 �Current Controversies

The estimated incidence of the condition varies 
widely in various studies [66]. The matter is com-
plicated further due to large number of synonyms 
used for the condition in literature (approxi-
mately 33 in total), most of which have been used 
for once or twice only. Another difficulty with 
research into the condition is the many (at least 
five) current sets of overlapping diagnostic crite-
ria [8]. Furthermore, it has been suggested that 

the concept of “triggering” of episode following 
even minor stimuli should be taken as clinical 
sign that may help differentiate patients with or 
without this syndrome [35]. Now, since the con-
sensus regarding the diagnostic criteria has been 
reached, the PSH diagnostic likelihood tool will 
tell better about the likelihood of presence/
absence of PSH at that time point in a particular 
patient.

5.14	 �Treatment

Management of PSH is challenging. There is 
wide variability in the management of this condi-
tion due to scarcity of data from randomized con-
trolled trials or historically controlled patients. It 
is difficult to interpret treatment outcome due to 
simultaneous administration of many medica-
tions and, lack of comparison group. Moreover, 
most studies do not detail the drug dosage used in 
the management of this condition.

Treatment is symptomatic (restoration of nor-
movolemia and normothermia) and pharmaco-
logical. Management of PSH hinges on the 
optimum use of pharmacological agents to pre-
vent and abort the episodes.

5.14.1	 �Morphine

Morphine administered in adequate dose is most 
effective to abort episodes of severe PSH [26, 
46]. Its therapeutic effect is quick and reliable but 
dose dependent. The possible mechanism of 
action of morphine is modulation of central path-
ways. The benefit from this drug probably results 
from stimulating medullary vagal nuclei, thereby 
producing cholinergic effects, such as bradycar-
dia, and inducing the release of histamine, caus-
ing peripheral vessel dilation [26, 29]. Some 
authors recommend starting with intravenous 
(IV) administration and then switching to a 
scheduled oral route. Individual patient’s 
response determines appropriate dose.

Standard dose: 2–8 mg IV at the onset of PSH 
episode. However, requirement may be as high as 
20 mg.
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5.14.2	 �Propranolol

Nonselective beta-blockers decrease the fre-
quency as well as intensity of episodes. 
Propranolol is the most commonly used drug of 
this group because it inhibits peripheral catechol-
amine activity, and being highly lipophilic has 
the ability to cross blood brain barrier [14, 49]. It 
may also exert central effects through membrane 
stabilization or receptor blockade. Moreover, 
propranolol may reduce sustained muscle con-
traction [67]. Other nonselective beta-blocker, 
such as labetalol was used successfully in a case 
report but cardio-selective agents are ineffective 
[67]. Beta-blockers also attenuate the effects of 
circulating catecholamines and decrease the rest-
ing metabolic rate which is increased in patients 
with severe acute brain injury [68, 69]. Most 
manifestations of PSH such as hypertension, 
tachycardia, fever, diaphoresis, and even dys-
tonic posturing respond to beta blockade. It 
mainly ameliorates the consequences of the 
disorder.

Dose: Oral dose: 20–60 mg every 4–6 h. Dose 
should be titrated to avoid compromising cere-
bral perfusion pressure.

5.14.3	 �Clonidine

It is a presynaptic alpha 2 agonist with both cen-
tral and peripheral action. It decreases central 
sympathetic outflow from the hypothalamus and 
ventrolateral medulla and may enhance sympa-
thetic inhibition in the brainstem. Part of the 
therapeutic action of clonidine may also result 
from binding to imidazoline receptors [70]. 
Clonidine also reduces circulating plasma cate-
cholamine levels [71]. It is most effective in 
treatment of hypertension and tachycardia, but it 
is relatively ineffective in controlling the other 
manifestations of PSH. Therefore, it has limited 
usefulness.

Dose: 0.1–0.3  mg three times a day orally. 
Maximum dose 1.2 mg/day.

Use it cautiously when cerebral perfusion 
pressure is borderline between the episodes of 
PSH.

5.14.4	 �Bromocriptine

This synthetic dopamine agonist stimulates dopa-
mine D2 receptors and acts on hypothalamus and 
the corpus striatum. It has been reported to con-
trol PSH in a few published cases [27, 72, 73]. 
However, its effect is modest and delayed. The 
use of bromocriptine PSH is based on the simi-
larities between this entity and neurolept malig-
nant syndrome, which results from dopamine 
blockade. Its effectiveness is probably enhanced 
when given along with other agents, especially 
morphine. It is a useful drug to control fever in 
mixed autonomic hyperactivity following neuro-
surgery [72]. A drawback of this drug is its pro-
pensity to lower the seizure threshold.

Dose: Starting dose is 1.25  mg orally, twice 
daily, then titrate up to 10–40 mg/day.

5.14.5	 �Dexmedetomidine

It is a sedative and the only currently approved IV 
alpha 2 agonist. It has favorable effects on HR, 
BP, and agitation. It was used successfully in a 
case report of refractory PSH [50].

Dose 0.2–0.7 mcg/kg/hr infusion.
The main drawback of this agent is that it can 

be used only as IV infusion.
Caution should be exercised in presence of 

heart block, hypovolemia, diabetes mellitus, and 
in elderly patients.

5.14.6	 �Baclofen

It is a GABA-B agonist, used to treat muscle 
spasms. Oral and intrathecal baclofen have been 
used successfully in few refractory cases of PSH 
[40]. Intrathecal baclofen is invasive, costly, and 
has a complication rate of 20–50% [74]. 
According to these authors, the rationale for 
using this drug derives from the observation that 
acute baclofen withdrawal may produce manifes-
tations similar to those seen with episodes of 
PSH after acute brain injury.

Dose: Oral dose 5 mg thrice daily, titrated up 
to 80 mg/day. Intrathecal administration requires 
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a test dose and titration according to established 
protocols.

5.14.7	 �Benzodiazepines

Various benzodiazepines have been tried to treat 
PSH with variable success rate. They reduce HR 
and BP and control agitation. Midazolam, loraz-
epam, and diazepam all have been used [49]. 
They may be particularly beneficial because of 
their properties of muscle relaxation, sedation, 
and anxiolysis. The precise mechanism in 
patients with PSH remains speculative and there 
is concern for possibility of worsening of neuro-
logical function in newly injured brain [75].They 
are not as effective as morphine, especially for 
severe spells with dystonia. Combination of mor-
phine and short-acting benzodiazepines is the 
most effective method of treating this syndrome. 
The goal should be to control the symptoms with-
out producing deep sedation. Diazepam has the 
advantage because of its longer duration of 
action. However, benzodiazepines are the most 
suitable agents to manage anxiety during the 
recovery phase.

Dose: Midazolam 1–2  mg IV; lorazepam 
2–4 mg IV; diazepam 5–10 mg IV.

5.14.8	 �Gabapentin

It binds alpha-2 delta subunit of presynaptic 
voltage-gated calcium channels. It is thought to 
act primarily by inhibiting neurotransmitter 
release in the dorsal horn of the spinal cord and 
throughout the central nervous system [9] .It may 
be useful during the recovery phase in patients 
with sub-acute brain injury and milder dysauto-
nomic symptoms. It can be beneficial in the acute 
phase when other agents have failed to control 
the manifestations of PSH [9]. Its mechanism of 
action too, is speculative. It derives its popularity 
because of its long-term effectiveness. In addi-
tion, it also reduces the dosage of concomitant 
medications.

Dose: Starting oral dose 300–900 mg, titrated 
up to 3600–4800 mg/day.

5.14.9	 �Dantrolene

Dantrolene produces muscle excitation–contrac-
tion dissociation by interfering with calcium 
release from the sarcoplasmic reticulum. It is par-
ticularly effective for the amelioration of severe 
dystonic posturing [49]. Hepatic toxicity is its 
main side effect [76].

Doses: 0.25–2  mg/kg IV every 6–12 h. The 
maximum recommended dose is 10 mg/kg/day.

5.14.10  �Hyperbaric oxygen

According to LQ and colleagues hyperbaric oxy-
gen therapy may present an option for PSH in 
addition to pharmacological methods [77]. The 
authors speculate it to stimulate restoration of 
normal function in inactive neurons.

While no single medicine is successful, a com-
bination of morphine and propranolol seems to be 
most effective. The challenge is controlling the 
symptoms with minimal sedative and other side 
effects of medications. Data on efficacy of treat-
ment has come only from case reports and small 
series [4]. Treatment is initiated as soon as episode 
of PSH is recognized. Typically, beta-blockers are 
used to minimize the frequency of the spells, 
whereas IV morphine is useful to abort the epi-
sodes. When the dysautonomic manifestations are 
under control for several days (or even sometimes 
weeks, if the dysautonomia was severe), the medi-
cations may be tapered. Treatment is continued 
even for many months. Dopamine antagonists, 
such as chlorpromazine and haloperidol, have the 
potential to worsen the condition and therefore, 
should be avoided [46]. Antiepileptic agents are 
useless in true cases of PSH but should be tried if 
the question about a possible epileptic nature of 
the spells remains unresolved.

5.15	 �Outcome/Prognosis

PSH patients, regardless of age group, have been 
found to suffer from higher morbidity. More 
numbers of mechanical ventilation days, more 
infections, more inflammation, increased 
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tracheostomy rate, longer ICU and hospital stay, 
and higher health care costs, accompany this dis-
order [6, 8, 12, 15, 17, 19, 28, 61]. PSH has direct 
impact on the fever burden, which may be due to 
dysregulated autonomic nervous system leading 
to unopposed inflammation [78]. In dysauto-
nomic patients mean daily maximum tempera-
ture can remain more than 38°C for more than 2 
weeks [8].

Patients of PSH have worse Glasgow Outcome 
Score (GOS) and worse functional independent 
measures than their non-PSH counterparts [1, 12, 
17, 56] though, Fernandez-Ortega et  al. [12], 
from their prospective study in the two groups 
observed no difference in terms of GOS at dis-
charge from ICU or 12-month GOS status of 
PSH patients as compared to the non-PSH group. 
The former group of patients have slower neuro-
logical recovery and take considerably longer to 
reach a similar degree of functional recovery [8].

5.16	 �Future Directions

Since various studies have reported varied inci-
dence, a large observational multicenter study 
with standardized diagnostic criteria is required 
in unravelling incidence, pathophysiology, and 
protocolized and evidence-based pharmacologi-
cal management. There is requirement for robust 
tools to establish the diagnosis and measure treat-
ment efficacy. Identification of biomarkers in 
plasma/cerebrospinal fluid may go a long way to 
predict the onset of PSH with high precision. 
Further advancements in imaging technologies 
such as MRI and PET might help to study PSH 
more completely. Treatment algorithms need to 
be designed and tested against each other for 
their relative efficacy. It is imperative to establish 
management guidelines. Future studies should 
also aim at its prophylaxis in susceptible patients.

�Conclusion

PSH results following diverse neurological 
injuries. Its exact etiology is unclear. There is 
an ever-expanding list of the predisposing fac-
tors. Its diagnosis is based on exclusion of other 
conditions commonly encountered in neuroin-

tensive care unit. The most common clinical 
feature is persistent tachycardia, though other 
signs of sympathetic hyperactivity too may be 
seen. There is no single diagnostic feature sug-
gestive of this condition on MRI of brain. 
Owing to lack of understanding of etiology, 
many drugs have been used to manage this con-
dition. Patients with PSH fare poorly compared 
to their non-PSH counterparts.
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Spinal Cord Injury
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6.1	 �Epidemiology

Most of the spinal cord injuries (SCI) sustained in 
this world are trauma related [1, 2]. Other non-
traumatic causes of SCI include spinal stenosis, 
vascular insufficiency, demyelinating diseases, and 
tumor. The true incidence and prevalence of spinal 
cord injuries is not known due to the lack of a 
worldwide systematic database [1]. Several studies 
had attempted to estimate the global incidence and 
prevalence of SCI in the last decade [3, 4, 5]. Lee 
and colleagues estimate the global incidence rate of 
traumatic SCI to be 23 cases per million, or about 
180,000 new cases per year [3]. An important 
aspect is that this is often a non-fatal condition, pro-
ducing a persistent social morbidity in dealing with 
and caring for the survivors of SCI. An estimated 
800–900 per million people in the United States 

live with SCI, as compared to 440 per million peo-
ple in Iran, even though the incidence of spinal 
cord injury is comparable (about 40 in the US vs 
44 in Iran) [2, 6]. Age of the victims with SCI fol-
lows a bimodal distribution with a first peak 
between the ages of 15–29 and then a second peak 
at age  >65 [2–5]. Globally, motor vehicle acci-
dents, falls, and violence are the leading causes of 
traumatic SCI [3–5]. In developed countries, falls 
are becoming a more common cause for SCI, likely 
due to an aging population [3–5]. On the other 
hand, in low- to middle-income countries (LMIC), 
road traffic accidents and violence account for the 
majority of the SCI [3–5].

The global economic impact of SCI is unclear. 
The costs incurred in LMICs are likely lower 
due to the poor survivability of the initial injury, 
lack of access to care, and absence of specialized 
rehabilitation therapies [1]. However, in devel-
oped countries, where survival rate is higher 
with a resultant higher prevalence, the economic 
impact of SCI is becoming an increasingly 
important topic. A recent Canadian study pub-
lished by Krueger and colleagues estimated the 
lifetime economic burden of SCI to range from 
CAD$1.47 million for a patient with incomplete 
paraplegia to $3.03 million for a patient with 
complete tetraplegia. The annual economic bur-
den associated with SCI in Canada is estimated 
to be $2.67 billion ($1.57 billion in direct costs 
and $1.10 billion in indirect costs). The major-
ity of the cost is associated with equipment and 
home modifications ($310 million/11.6%) and 

K.H.K. Luk, MD, MS 
Divisions of Neuroanesthesiology and Perioperative 
Neurosciences and Critical Care Medicine, 
Department of Anesthesiology and Pain Medicine, 
Harborview Medical Center, University of 
Washington School of Medicine, Seattle, WA, USA

M.J. Souter, MB ChB, FRCA, FNCS (*)
Divisions of Neuroanesthesiology and Perioperative 
Neurosciences and Critical Care Medicine, 
Department of Anesthesiology and Pain Medicine, 
Harborview Medical Center, University of 
Washington School of Medicine, Seattle, WA, USA

Department of Neurological Surgery, Harborview 
Medical Center, University of Washington School of 
Medicine, Seattle, WA, USA
e-mail: msouter@uw.edu

6

mailto:msouter@uw.edu


84

attendant care ($870 million/32.7%). In contrast, 
hospitalizations and health care provider visits 
only make up of 13.2% of the total cost ($250 
million) [7].

6.2	 �Functional Anatomy

One cannot understand the diagnosis and treat-
ment of acute spinal cord injury without under-
standing spinal cord anatomy and function. The 
spinal cord has a total of 31 segments and can be 
anatomically divided into three sections (Fig. 6.1):

	1.	 Cervical cord (C1–C8)  – controls the dia-
phragm via the phrenic nerve (C3–C5), and 
the upper extremity musculature via the bra-
chial plexus (C4–T1); provides sensory inner-
vation to the neck and the upper extremities.

	2.	 Thoracic cord (T1–T12) – controls the inter-
costal and abdominal musculature, which is 
required for forced exhalation/expectoration; 
provides sensory innervation to the trunk; also 
contains the sympathetic ganglia that inner-
vate the heart and the abdominal viscera.

	3.	 Lumbosacral cord (L1–S5)  – controls the 
lower extremity musculature via the lumbosa-
cral plexus (L1–S2); provides sensory inner-
vation to the lower extremities and perineum; 
also provides parasympathetic innervation to 
the abdominal and pelvic viscera.

The spinal cord is shorter than the intraverte-
bral space, terminating at the level of L1–L3 in 
adults, and L2–L4  in children, with the conus 
medullaris. Below this, a collection of lumbosa-
cral nerve roots (the cauda equina) traverses the 
remaining space down toward their respective 
point of exiting the spinal canal [8, 9].

Each spinal cord segment contains a pair of ven-
tral and dorsal nerve roots, which are responsible for 
motor and sensory function, respectively. The ven-
tral and dorsal nerve roots on each side join together 
to form the respective segmental spinal nerve as 
they form the vertebral column via the transverse 
foramen. The spinal cord is comprised of the outer 
white matter tracts, which contain the axons and 
dendrites, and the inner gray matter, which contains 
the neuronal cell bodies. The gray matter can be 
further divided into the dorsal (sensory) and ventral 
(motor) horns [8, 9]. Understanding of spinal cord 
anatomy is crucial for determining the level and 
degree of spinal cord injury.

The dorsal horn is divided into six laminae 
and is responsible for relay, processing, and mod-
ulation of sensory input. Large, myelinated nerve 
fibers mediating fine touch, proprioception, and 
vibration enter the ipsilateral dorsal column and 
cross midline at the level of the medulla (nuclei 
cuneatus and gracilis). Small, unmyelinated 
nerve fibers mediating pain and temperature 
cross the midline at or within several levels of 
entry into the spinal cord and then enter the con-
tralateral anterior or lateral spinothalamic tract. It 
also contains the afferent limb from muscle spin-
dles and completes the spinal reflex arc [8, 9].

The ventral horn is the signal-integration center 
for motor function, which contains neurons and Fig. 6.1  Anatomic divisions of the spine with exiting 

nerve roots of the cord
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interneurons from the pyramidal (corticospinal) 
and extrapyramidal motor systems, which synapse 
with the alpha/gamma motor neurons to orches-
trate complex movements. The lateral corticospi-
nal tracts carry the majority (~80–85%) of the 
axons from the upper motor neurons in the motor 
cortex and synapse with the anterior horn cells at 
the level of the spinal cord, after decussating 
(crossing midline) at the cervicomedullary junc-
tion. The axons are topographically arranged with 
the lower extremity fibers in the more lateral/
superficial part and the upper extremity fibers in 
the more medial/deep part of the tract. The anterior 
corticospinal tracts carry undecussated fibers from 
the motor cortex, some of which subsequently 
cross the midline via the anterior commissure at 
the level of the spinal cord, and are responsible for 
controlling the truncal musculature [8–11].

The sympathetic neurons originate in the 
thoracolumbar level (T1–L3), most of which 
synapse at the paravertebral ganglia, while a 
minority synapse at the celiac/mesenteric gan-
glia. These neurons are important in the mainte-
nance of cardiovascular stability including blood 
pressure and heart rate. Injury to the system can 
result in neurogenic shock. Chronic dysregula-
tion of the sympathetic nervous system at a level 
of T6 or above can also result in autonomic dys-
reflexia, presenting with facial/truncal flushing, 
hypertension, bradycardia, and profuse sweating. 
The parasympathetic nervous system originates 
in the lumbosacral level and its fibers synapse 
at the ganglia close to the end organ in the pel-
vis. Functionally, injury to the parasympathetic 
nervous system is evident by loss of bowel and 
urinary bladder control (neurogenic bowel/blad-
der) [8, 9].

The spinal cord is perfused by two posterior 
spinal arteries, which supply the dorsal columns, 
and a single anterior spinal artery, which supplies 
the anterior two-thirds of the cord. All three arter-
ies originate from the vertebral arteries at the 
base of skull and travel caudally. In addition, 
radicular arteries originating from the thoracoab-
dominal aorta provide additional blood supply to 
the spinal cord  – most notably the artery of 
Adamkiewicz, which supplies the anterior spinal 
artery and originates at the level between T5 to 
L1 (most commonly T9–12) [8, 9, 12].

6.3	 �Pathophysiology of Spinal 
Cord Injury

Most traumatic spinal cord injuries are associ-
ated with concomitant injury to the vertebral col-
umn, which can include fracture, dislocation, 
disruption/herniation of the intervertebral disc, 
tear of ligaments, and disruption of blood supply 
[13]. The primary injury is an immediate conse-
quence of the trauma, which can be due to com-
pression, contusion, shear, hyperextension, 
transection, and frank hemorrhage of the spinal 
cord [13, 14]. Minutes to hours after the initial 
insult, neurons in the penumbral region are 
exposed to the risk of secondary injury [14]. 
Histologically, this manifests as inflammation, 
additional petechial hemorrhage into the white 
matter, edema, and release of coagulation factors 
and vasoactive amines, all resulting in hypoper-
fusion and cellular hypoxia within the injured 
segment. At the cellular level, this subsequently 
promotes free radical formation, loss of mem-
brane potential, lipid peroxidation, and gluta-
minergic excitotoxicity, resulting in cellular 
necrosis, apoptosis, demyelination, and axonal 
degeneration [15–20]. Cord swelling occurs as a 
result and tends to peak between days 3 and 6 
post-injury.

6.4	 �Clinical Presentation 
and Classification of Spinal 
Cord Injury

Since the cervical cord is the least well-pro-
tected segment of the spinal cord, it is involved 
in around half of traumatic SCI cases, with a 
resulting quadriparesis or quadriplegia [2]. 
Most patients with isolated spinal cord trauma 
present with pain or tenderness to palpation 
overlying the fracture site. However, con-
comitant injuries (e.g., traumatic brain injury, 
intra-abdominal injuries, and pneumo- or 
hemothoraces) in a multisystem trauma patient 
can mask the presence of SCI. This can poten-
tially delay diagnosis and adversely affect the 
patient’s outcome.

The severity of SCI is graded based on the 
American Spinal Injury Association (ASIA) 
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Impairment Scale (Table 6.1) and a detailed 
assessment is performed based on the 
International Standards for Neurological 
Classification of Spinal Cord Injury (ISNCSCI, 
Fig. 6.2) [21].

6.4.1	 �Complete Cord Injury (AIS A)

In a patient with complete cord injury, there 
may be a distinctly spared sensory level cepha-
lad to the injury, but no sensation in the levels 

Fig. 6.2  Injury worksheet

Table 6.1  ASIA Impairment Scale (AIS) – International Standards for Neurological Classification of Spinal Cord 
Injury (ISNCSCI)

A = Complete No sensory or motor function is preserved in the sacral segments S4–5
B = Sensory 
incomplete

Sensory but not motor function is preserved below the neurological level and includes the sacral 
segments S4–5 (light touch or pin prick at S4–5 or deep anal pressure), and no motor function is 
preserved more than three levels below the motor level on either side of the body

C = Motor 
incomplete

Motor function is preserved at the most caudal sacral segments for voluntary anal contraction or the 
patient meets the criteria for sensory incomplete status (sensory function preserved at the most caudal 
sacral segments [S4–S5] by light touch, pinprick, or deep anal pressure) and has some sparing of 
motor function more than three levels below the ipsilateral motor level on either side of the body
(This includes key or non-key muscle functions to determine motor incomplete status.) For AIS C – 
less than half of key muscle functions below the single NLI have a muscle grade ≥3

D = Motor 
incomplete

Motor incomplete status as defined above, with at least half (half or more) of key muscle functions 
below the single neurological level of injury having a muscle grade ≥3

E = Normal If sensation and motor function as tested with the ISNCSCI are graded as normal in all segments, 
and the patient had prior deficits, then the AIS grade is E. Someone without an initial SCI does not 
receive an AIS grade
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caudal to the injury, including the sacral S4–S5 
segments. In addition, muscle weakness may be 
evident immediately below the level of injury, 
transitioning to complete paralysis more cau-
dally. Patients acutely present with areflexia and 
flaccid muscle tone. Rectal and bladder tone are 
lost, which can result in fecal incontinence and 
urinary retention with overflow incontinence, 
respectively.

6.4.2	 �Incomplete Cord Injury  
(AIS B to D)

In incomplete cord injury, sensation is usually 
preserved to a greater extent compared to motor 
function. In AIS B patients, sensation is pre-
served below the level of injury, but not motor 
function. In AIS C and D patients, some motor 
function is preserved below the level of the neu-
rological level of injury. Often, the anal sphincter 
tone and sensation are preserved.

There are also specific cord syndromes 
that offer insights into lesion site, prognosis 
and the potential for early, targeted treatment 
interventions.

6.4.3	 �Central Cord Syndrome (CCS)

Patients with CCS present with significantly 
greater upper extremity weakness than that 
seen in the lower extremities, related to the 
topographic laminar arrangement within cor-
ticospinal and spinothalamic tracts, as men-
tioned previously. They can also present with 
a cape-like distribution of paresthesia and neu-
ropathic pain, with a variable degree of sensory 
loss below the level of the injury. It is the most 
common of the incomplete spinal cord injuries. 
Pathophysiologically, the cervical cord suffers 
anterior (osteophytic) and posterior (buckled lig-
amentum flavum) impingement during hyperex-
tension, but this such injury may also be a result 
of fracture dislocation or compression fracture 
mechanisms. CCS is seen in patients with rela-
tively minor trauma in the setting of preexist-
ing cervical spondylosis, but can present in a 

diverse range of injury mechanisms, including 
high-energy trauma in the young, or falls in the 
elderly, with such pathological consequences as 
axonal disruption of lateral columns, or hemor-
rhage into the central part of the cord (which car-
ries a worse prognosis) [22].

6.4.4	 �Anterior Cord Syndrome

This usually occurs as a result of compromised 
blood flow in the anterior spinal artery, which 
supplies the anterior two-thirds of the spinal 
cord. Patients have preserved fine touch and pro-
prioception but are paralyzed from the level of 
the injury. The syndrome often occurs as a conse-
quence of direct compression by a herniated inter-
vertebral disc or bone fragment. However, it can 
also occur as a complication of thoracoabdomi-
nal aortic surgery, if the artery of Adamkiewicz is 
compromised [12].

6.4.5	 �Brown-Sequard Syndrome

Brown-Sequard syndrome is a form of incom-
plete cord injury caused by hemisection of the 
spinal cord. It was first described by the French 
physician Charles-Edouard Brown-Sequard in 
1850 [23]. Patients will present with ipsilateral 
loss of motor function and fine touch/propriocep-
tion, as well as loss of contralateral pain and tem-
perature sensation several levels below the level 
of the injury. This is a result of the disruption of 
corticospinal, dorsal column, and spinothalamic 
tracts on one side of the spinal cord [24].

6.4.6	 �Spinal Shock/Transient 
Paralysis

The term “spinal shock” should be reserved for 
the description of complete loss of spinal cord 
function below the level of the injury [25]. It 
should not be used interchangeably with “neuro-
genic shock.” Spinal shock describes a state of 
flaccid paralysis, complete anesthesia, absent 
bowel/bladder control, areflexia, and possible 

6  Spinal Cord Injury



88

bradycardia and hypotension after an SCI [26]. 
Some patients, especially younger patients seen 
in athletic injuries can make complete recoveries. 
More often however, patients progress to some 
form of spastic paresis, reflecting the underlying 
spinal cord pathology [26]. It is believed that the 
state of spinal shock is caused by local release of 
potassium resulting in the hyperpolarization of 
the neuronal membranes [27].

6.5	 �Management of Acute Spinal 
Cord Injury

6.5.1	 �Prehospital

For field responders, the primary survey begins 
with C (circulation), A (airway), B (breathing), 

D (disability), and E (exposure). Once the integ-
rity of airway, breathing, and circulation is 
established, the patient should be evaluated for 
any midline back pain, tenderness to palpation, 
focal weakness, or loss of sensation. These are 
characteristics of patients at high risk for trau-
matic SCI. In patients who have a concomitant 
head injury, or are confused or unconscious, a 
traumatic SCI should be assumed until proven 
otherwise. The spine should be stabilized and 
movement minimized by using the logrolling 
maneuver, placement of a rigid cervical collar, 
and immobilization using a backboard [28]. If 
placement of an advanced airway is indicated, 
care should be taken with in-line cervical  
stabilization (Fig. 6.3) to maintain cervical spi-
nal neutrality during direct laryngoscopy and 
placement of the endotracheal tube [29].

a b

c d

Fig. 6.3  Neck maneuvers during airway management. 
(a) Neck stabilization using sandbag-collar-tape on hard-
board for prehospital care. (b) Cricoid pressure applica-
tion with anterior half of hard cervical collar removed and 
other hand behind posterior cervical collar. (c) Manual 

in-line stabilization from the head of bed, with anterior 
cervical collar removed and hands cradling occiput and 
mastoid process. (d) Manual in-line stabilization from 
side of bed to facilitate airway intervention from head of 
bed (From Austin et al. [29])

K.H.K. Luk and M.J. Souter



89

6.5.2	 �Emergency Room

In the emergency department, primary survey 
continues using the same scheme of CABDE. 
Patient with multisystem trauma should be evalu-
ated using the Advanced Trauma Life Support 
(ATLS) guidelines developed by the American 
College of Surgeons [30]. The management of 
life-threatening injuries including unstable air-
way, excessive bleeding, pneumothorax, or 
hemothorax, should take precedence over that of 
traumatic SCI. Vital signs should be monitored as 
recommended by the American Society of 
Anesthesiologists, to include heart rate, electro-
cardiogram, blood pressure, pulse oximetry, cap-
nography, and temperature [31].

Monitoring of both capnography and pulse 
oximetry allows for continuous monitoring of 
respiratory status. Hypoxia is poorly tolerated 
by the brain and the spinal cord, and supplemen-
tal oxygen should be used to correct for hypox-
emia. A patient with cervical SCI is at high risk 
for respiratory failure and may require endotra-
cheal intubation and mechanical ventilation. 
Patients should be assumed to have full stom-
achs and rapid-sequence intubation with in-line 
cervical immobilization should be used [29, 32]. 
In our center, a combination technique of vide-
olaryngoscopy and fiberoptic bronchoscopy is 
often employed for intubating patients with a 
rigid cervical collar in place [33], as mainte-
nance of the collar adversely affects laryngeal 
views [34].

Hypovolemia due to blood loss, cardiac dys-
rhythmia, and sympathectomy (loss of adrenergic 
tone) can result in hypotension. Aggressive vol-
ume resuscitation and source control are essential 
for restoration of circulatory volume. If the 
patient continues to be hypotensive despite cor-
rection to euvolemia, neurogenic shock should be 
suspected, and vasoactive infusions used to 
restore vascular tone. A urinary catheter should 
be placed to assess for hematuria, monitor urine 
output, and to relieve bladder distention. A full 
neurological examination should be promptly 
performed to evaluate for the level and severity of 
the deficit.

6.5.3	 �Initial Imaging

Patients should remain immobilized using a rigid 
cervical collar and rigid backboard until the spine 
is cleared either clinically or radiographically. 
Clinical clearance is indicated in patients without 
focal neurological deficits and midline back pain/
tenderness, who are fully alert, not confused or 
intoxicated, and without other distracting inju-
ries. Based on the NEXUS [35] study, these clini-
cal findings combined have a negative predictive 
value of 99.8% for cervical spine injury, enabling 
subsequent removal of the cervical collar. As 
mentioned previously, the presence of an SCI 
should be assumed in patients who are confused 
or obtunded, and precautions continued until ade-
quately cleared. In a meta-analysis [36], the inci-
dence of SCI in trauma patients with altered 
sensorium was 7.5% with 42% of cases associ-
ated with unstable spinal fractures.

Computed tomography (CT) of the spine has 
largely replaced plain radiography as the initial 
modality for evaluation of suspected spinal cord 
injury. Patients who are awake with pain and/or 
neurological deficits should undergo focused CT 
scan of the affected spinal segments. In patients 
who are unconscious or who are suspected to 
have other injuries, CT examinations of the head, 
neck, chest, abdomen, and pelvis with reformat-
ting for coronal and sagittal cuts are indicated 
to evaluate for the presence of spinal injury. For 
patients with neurological deficits but no CT find-
ings of SCI, magnetic resonance imaging (MRI) 
of the spine should be pursued. MRI allows for 
better assessment of the paraspinal soft tissue, 
spinal ligaments, and intervertebral discs [37].

Clearance of spine status to allow for mobili-
zation for patient care and therapies (e.g., for 
performance of procedures, head of bed eleva-
tion for aspiration prevention, etc.) remains a 
challenge for patients with altered mental status. 
At our institution, negative CT scan or plain 
films of the thoracolumbar spine are considered 
sufficient for spine clearance at the respective 
levels. However, for cervical spine clearance, 
both CT imaging and clinical exam (i.e., equal 
strength in bilateral upper extremities without 
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midline cervical tenderness with palpation) 
are  required for cervical spine clearance. For 
patients who are comatose or unable to cooper-
ate with a clinical exam, an MRI is recom-
mended to rule out potential ligamentous or soft 
tissue injuries [37].

6.5.4	 �Corticosteroids and Acute 
Spinal Cord Injury

For patients with acute traumatic spinal cord 
injury, two randomized controlled trials (NASCIS 
[38] and a Japanese study [39]) published in the 
1990s demonstrated improvement in neurologi-
cal outcome in patients treated with high-dose 
methylprednisolone infusion within 8 h of injury 
[40]. In contrast, a French study failed to repli-
cate the results [41]. A large-scale, multinational, 
randomized controlled trial would likely be 
required to address this dichotomy. Currently, the 
Congress of Neurological Surgeons recommends 
against using MP for the treatment of acute spinal 
cord injury due to conflicting data on efficacy and 
potential serious effects [42].

6.5.5	 �Perioperative Management

In a large, international, multicenter prospective 
cohort study [43], early surgical decompression 
(within 24  h after injury) is associated with a 
2.5–2.8-fold increased likelihood of demon-
strating an improved neurological outcome, 
as defined as an enhancement of AIS by two 
grades or more. Consequently, urgent surgical 
consultation (Orthopedics or Neurosurgery) is 
recommended as soon as an SCI has been diag-
nosed. Once surgical intervention is decided, an 
anesthesiologist experienced in neurosurgery or 
spine surgery care should assess the patient by 
performing a focused, but thorough history and 
physical exam. Challenges to the airway should 
be meticulously evaluated, including assess-
ment of facial trauma, presence of beard, mouth  
opening, loose dentition, blood or foreign body 
in the upper airway, thyromental distance, and 
anterior protrusion of the mandible.

As the population continues to age in devel-
oped countries with an increasing incidence of 
elderly patients presenting with SCI, cardiovas-
cular risk stratification using the Revised Cardiac 
Risk Index is advisable in patients 55 years of 
age or older. However, surgical intervention 
should not ordinarily be delayed for additional 
testing and hemodynamics may need to be man-
aged expectantly in the operating room. A serum 
B-type natriuretic peptide level may inform sus-
picions for cardiac failure and/or pulmonary 
edema. The anesthesiologist can also pursue a 
preoperative point-of-care cardiac [44] and lung 
ultrasound [45] to assess cardiac function and 
volume status to aid in planning of the anes-
thetic. If the patient is already intubated, ventila-
tor settings should be reviewed with attention to 
the peak/plateau airway pressures, partial pres-
sure of arterial oxygen to fractional inspired 
oxygen ratio (P/F ratio), and the presence of 
upsloping of the plateau phase in the capnogram 
(suggestive of bronchospasm or small airway 
obstruction).

Since spinal instrumentation and fusion is fre-
quently associated with significant blood loss, 
adequate peripheral (two 16-gauge or large cath-
eters) or central (an introducer sheath) venous 
access is required. In addition, arterial catheter-
ization delivers continuous blood pressure moni-
toring, along with sampling of arterial blood for 
laboratory testing during surgery. The use of pulse 
pressure variation or stroke volume variation via 
the arterial pressure tracing can offer additional 
insight to the volume status of the patient, supe-
rior to use of CVP monitoring [46]. A PPV of 
>11–15% predicts fluid responsiveness with a 
resultant increase in cardiac output for patients in 
the supine and prone positions, respectively [46, 
47]. The choice of anesthetic agents is dependent 
upon the procedure planned, patient’s comorbid 
conditions, and whether neuromonitoring is used. 
Vasoactive infusions are often necessary to main-
tain adequate mean arterial pressure. For patients 
with injuries above the sympathetic cardioaccel-
erator fibers (T1–T4), vasopressors with inotro-
pic, chronotropic, and vasoconstrictive properties, 
e.g., epinephrine, norepinephrine, and dopamine, 
are required to maintain heart rate, contractility, 
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and blood pressure. For patients with lower level 
SCI, vasoconstrictors such as norepinephrine and 
phenylephrine are often adequate for maintenance 
of blood pressure once euvolemia is achieved. 
The effect of sympathetic denervation and general 
anesthetics will result in temperature dysregula-
tion and patients will often require active warm-
ing to maintain normothermia.

Given the fairly high prevalence of chronic 
pain in patients with SCI (approx. 45–50%) [48], 
a multimodal strategy is preferred for intraop-
erative and postoperative analgesia. In terms of 
emergence and extubation, patients with cervi-
cal and high thoracic cord injury are often left 
intubated and taken to the intensive care unit 
mechanically ventilated, due to the high risk of 
respiratory failure. Subsequent functional evalu-
ation on the ICU will determine their capacity for 
liberation from the ventilator. For patients with 
lower level SCI, the decision to extubate at the 
end of the procedure should take into account the 
length of surgery, operative blood loss, intrave-
nous fluid administered, and the degree of facial/
laryngeal edema.

6.5.6	 �Intensive Care Unit

Most patients with spinal cord injury will 
require care and frequent monitoring in the 
intensive care unit initially. Vital signs, includ-
ing electrocardiogram, heart rate, pulse oxime-
try, and blood pressure, as well as neurological 
function are monitored frequently in the 
ICU. There are several well-known neurological 
and systemic complications associated with SCI 
that are potentially avoidable or reversible if 
detected early.

6.5.6.1	 �Cardiovascular System
Most of the cardiovascular complications can be 
attributed to the effect of neurogenic shock as 
a result of sympathectomy or disruption of the 
sympathetic chain [49, 51, 52]. Patients often 
present with hypotension due to the decreased 
peripheral vascular resistance. Occasionally, 
patients can present with hypovolemic shock due 
to blood loss in addition to neurogenic shock. 

However, ECG abnormalities are often present in 
cervical and thoracic SCI [50]. Bradycardia can 
be seen if the lesion involves the higher thoracic 
cord (T1–T4) or cervical cord, above the innerva-
tion of the cardiac plexus [53].

Initial resuscitation should therefore focus on 
restoring circulatory volume using intravenous 
fluids and blood products. If the patient is per-
sistently hypotensive, vasopressors should be 
added.

Hypotension is believed to be detrimental to 
the spinal cord, given the potential exacerbation 
of secondary ischemic insult in the penumbral 
region (as discussed previously). Therefore, an 
adequate mean arterial pressure is required to 
maintain critical perfusion to the injured spinal 
cord. There is no prospective data to define a tar-
geted level of mean arterial pressure. The 
American Association of Neurological Surgeons 
recommendation (Level 3) is to maintain a mean 
arterial pressure of at least 80–90  mmHg for 
5–7  days after injury [54]. Bradycardia may 
require pharmacological intervention such as 
atropine, or chronotropic infusions, e.g., epi-
nephrine or dopamine, and in severe cases may 
even require external pacing.

6.5.6.2	 �Respiratory System
Pulmonary dysfunction is the most common 
complication after a traumatic SCI, and is a sig-
nificant contributor to morbidity and mortality 
[55, 56]. It includes respiratory failure, pulmo-
nary edema, pneumonia, and pulmonary throm-
boembolism [57, 59]. Patients with cervical and 
thoracic cord lesions are at particularly high risk 
of pulmonary complications because of weak-
ness of the diaphragm, intercostal muscles, and 
abdominal muscles which result in ineffective 
cough, impaired secretion clearance, hypoventi-
lation, and atelectasis [58–60]. Elderly patients 
[61] who received large volume resuscitation 
with marginal cardiac function are at significant 
risk of pulmonary edema 48–96  h post-
operatively. For patients with cervical SCI, 
most of the respiratory failure occurs within the 
first 72 h of injury and pulmonary function tends 
to improve over the next 12  months [61, 62]. 
Signs of impending respiratory failure include 
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progressive hypercapnea, and/or hypoxemia, 
declining forced vital capacity or negative inspi-
ratory pressure, and increased rapid shallow 
breathing index (low tidal volume and increased 
respiratory rate).

Patients who are mechanically ventilated 
should undergo trials of daily spontaneous awak-
ening and spontaneous breathing to determine if 
the patient can be extubated and/or liberated from 
mechanical ventilation [63]. In addition, strength 
of the respiratory muscles should be assessed 
daily by measuring maximum negative inspira-
tory pressure and forced vital capacity [57]. 
Patients with high cervical spine injury are prone 
to a phenomenon known as “ping-pong” atelecta-
sis, and appear to respond well to higher tidal 
volumes. Consequently, once the patient is no 
longer at risk for lung injury, our approach is to 
liberalize the tidal volume gradually to 12–15 ml/
kg of ideal body weight [64].

Early tracheotomy may be indicated in patients 
with high cervical spine injury with no expecta-
tion of recovery of adequate spontaneous ventila-
tion [65, 66]. This procedure can aid in secretion 
clearance and allow for decreased level of seda-
tives and analgesics, as a tracheotomy appears to 
be better tolerated than an endotracheal tube [65]. 
Alternatively, if the patient fails to wean from the 
mechanical ventilator for other reasons, a trache-
otomy should be considered within 10–14 days 
from day of admission [67, 68].

In order to prevent atelectasis and pneumo-
nia, a comprehensive bronchial hygiene protocol 
is recommended  – this can include the use of 
specially trained respiratory therapists who fol-
low the SCI patients during their hospitalization 
and tailor therapy for them. The interventions 
include breathing exercises, bronchodilator treat-
ment, and mechanical cough assist. For secretion 
clearance, patients undergo cough assist via a 
mechanical insufflator–exsufflator several times 
a day, and chest physiotherapy if a focal con-
solidation is identified on chest radiograph [57]. 
They are often given scheduled ipratropium or 
tiotropium for bronchospasm prevention [69]. In 
addition, the use of abdominal binder has been 
shown to improve lung volumes in patients with 
cervical SCI [70].

6.5.6.3	 �Deep Venous Thrombosis/
Pulmonary Thromboembolism

SCI patients are at high risk for deep venous 
thrombosis (DVT) and pulmonary embolism 
(PE), due to the general inflammatory milieu 
after trauma and immobility with reduced venous 
return [71]. Therefore, all SCI patients should 
receive DVT prophylaxis unless contraindicated 
[72]. Low molecular weight heparin is the pre-
ferred anticoagulant of choice [72, 73] but a com-
bination of unfractionated heparin with sequential 
compression device appears to be equally effec-
tive [74]. Patients in whom DVT prophylaxis is 
contraindicated, a retrievable inferior vena cava 
filter can be considered [75, 76]. Such filter can 
decrease the incidence of catastrophic pulmonary 
embolism [77] but can increase the propagation 
of DVT [78]. Therefore, filters should be removed 
as soon as anticoagulation is initiated.

6.5.6.4	 �Pressure Ulcers
Pressure ulcer is a frequent complication of SCI 
patients due to immobility [79]. The most com-
monly seen affected areas are the buttocks and 
heels. Frequent turning (every 2–3  h) and heel 
elevation using specialized foam boots are effec-
tive in preventing ulcer formation [80]. In patients 
with unstable spine injury who cannot be turned, 
a rotating bed with specialized pressure relieving 
mattress may be indicated.

6.5.6.5	 �Other Common Problems
SCI patients are exquisitely vulnerable to a wide 
range of complicating conditions presenting 
both acutely and chronically. Initially they are at 
high risk for stress ulceration due to increased 
parasympathetic tone. Stress ulcer prophylaxis 
with a proton pump inhibitor is recommended. 
Generally, trauma patients are hypermetabolic 
and require nutritional support for wound heal-
ing. In addition, early feeding can improve gas-
tric mucosa blood flow and may prevent stress 
ulceration. Early enteral feeding is consequently 
recommended and a nutrition consult should be 
obtained to make sure that the patient’s caloric 
intake is adequate. A urinary catheter should be 
maintained initially to monitor for fluid status. It 
should be switched to intermittent catheteriza-
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tion as soon as possible to decrease the incidence 
of urinary tract infection. An aggressive bowel 
regimen including daily digital stimulation 
should be used to avoid stool impaction, which 
may in the quadriplegic induce a respiratory 
embarrassment that transcends “simple consti-
pation.” A rehabilitation medicine specialist well 
versed in SCI care should be consulted to assess 
the patients’ need and potential for rehabilita-
tion. Early mobility with occupational and phys-
ical therapy is crucial in limiting contracture 
formation. Patients and families may also benefit 
from additional counseling by a rehabilitation 
psychologist, as grief reactions can often be pro-
longed and severe.

�Conclusions

In summary, SCI is a global health problem 
that has a bimodal age distribution affecting 
young adults and the elderly, with a male pre-
dominance. Motor vehicle accidents, falls, 
and violence remain the leading causes of 
SCI. As the safety of motor vehicles and the 
quality of prehospital improve, more people 
are surviving the initial trauma. With the 
advances in critical care and surgery, more 
people are living with the long-term sequelae 
of SCI and are becoming a significant eco-
nomic burden to the society. Unfortunately, 
there is no cure for SCI at the moment, albeit 
promising therapies on the horizon. More 
resources are necessary to understand the 
global pattern of SCI and devise strategies to 
help prevent SCI.
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Aneurysmal Subarachnoid 
Hemorrhage

Pratik V. Patel and Michael J. Souter

A 54-year-old woman presented with a history of 
severe headache, nausea, and vomiting. She is a 
smoker with a history of mild hypertension, but 
has no other known medical problems. She had 
presented to her family physician a week earlier 
with a similar headache, but the pain resolved 
within a few hours. Her older sister died of a 
brain hemorrhage 8  years ago. Today, she has 
neck stiffness, visual blurring, and is now feeling 
drowsy. She has no obvious weakness of her 
peripheries or cranial nerves excepting in that she 
cannot look upwards. Her heart rate is 108 bpm, 
with a blood pressure of 102/68  mm Hg, and 
respiratory rate of 28/min. Pulse oximetry reveals 
a saturation of 94%. A CT scan reveals blood in 
and around the right sylvian fissure, as well as 
some thin layering in the right lateral ventricle.

Neurosurgery plan to admit her to the inten-
sive care unit for workup.

7.1	 �Overview and Epidemiology

Aneurysmal subarachnoid hemorrhage (aSAH) 
is an important type of hemorrhagic stroke with 
a disproportionate morbidity and mortality. The 
incidence of subarachnoid hemorrhage ranges 
from 2 to 22 patients per 100,000 population per 
year; the incidence is highest in Finland and 
Japan [1–3]. The overall case fatality report 
rates range from 26% to 50%, with the most 
comprehensive population-based study report-
ing a mortality rate of 21% within 24 h of aSAH, 
and 7- and 30-day mortalities of 37% and 44% 
[4], although a prehospital mortality of between 
12% and 15% may elevate this [1]. aSAH 
accounts for 3% of all strokes, 4% of all stroke 
mortality, but accounts for 27% of all stroke-
related years of potential life lost before the age 
of 65 [5].

Well-described risk factors for aSAH include 
longstanding hypertension, tobacco smoking, a 
family history of aSAH (especially in a first-
degree relative), the use of cocaine (and other 
sympathomimetics), having a known aneurysm 
>7 mm in size, and presence of the aneurysm in 
the posterior communicating artery or in the pos-
terior circulation [1].
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7.2	 �Pathophysiology

Excluding trauma, rupture of a cerebral aneu-
rysm is the most common cause of subarachnoid 
hemorrhage. The presence of previously unknown 
cerebral aneurysms is likely quite common as 
1–6% of subjects at autopsy will have at least one 
unruptured cerebral aneurysm identified.

There is evidence of genetic predisposition, 
with familial and regional clustering of aSAH. 
First-degree relatives of patients with aSAH are 
approximately three times more likely to have 
aSAH, and aneurysms are more prevalent in 
patients with well-described connective disorders 
such as Ehlers–Danlos syndrome, neurofibroma-
tosis type I, Marfans syndrome, and autosomal 
dominant polycystic kidney disease [6]. However, 
aneurysms frequently develop in individuals with-
out these diseases, and atherosclerosis is impli-
cated in degenerative disease of the vessel wall, 
especially around areas of turbulent flow (e.g., 
branching vessels) or highly pulsatile oscillations 
of flow – both increasing wall shear stress [7]. The 
complex interactions of abnormal flow, atheroscle-
rotic vessel wall changes, shear stresses, and 
genetic factors initiate aneurysmal formation and 
subsequent expansion, to a level that exceeds the 
tensile strength of what by now is a diseased and 
thinned vessel wall (consistent with the Law of 
Laplace). The result is rupture and hemorrhage.

Similarly, the pathologically high blood flow 
seen in arteriovenous malformation is also asso-
ciated with aneurysmal formation [8].

Perimesencephalic subarachnoid hemorrhage 
is another important subtype of subarachnoid 
hemorrhage. In its classic form (thin layer of sub-
arachnoid hemorrhage on initial imaging clustered 
around the upper brainstem), perimesencephalic 
subarachnoid hemorrhage accounts for approxi-
mately 10% of cases of nontraumatic subarach-
noid hemorrhage. It accounts for approximately 
two-thirds of patients with nontraumatic subarach-
noid hemorrhage who have had a negative angio-
gram. Intraventricular extension of the hemorrhage 
is rare and the patients typically present with less 
severe neurologic symptoms. Their course is sig-
nificantly less likely to be complicated by cerebral 
vasospasm, and rebleeding is quite rare [9].

As already mentioned, trauma is the most com-
mon cause of subarachnoid hemorrhage, but often 
with a more peripheral distribution and less symp-
tomatology than other variants. Other important 
causes to consider are listed in Table 7.1 – how-
ever, the focus here remains on aneurysmal SAH.

7.3	 �Clinical Features

Our case illustrates a classic presentation of a 
patient with aSAH – namely a patient that com-
plains of a sudden severe headache, or “Worst 
Headache of Life (WHOL).” Unfortunately, this 
clinical history is not pathognomic for aSAH as 
only a minority of patients (6–17%) prospec-
tively screened presenting with an acute severe 
headache will have aSAH [10, 11]. Other pre-
senting symptoms can include seizure at onset 
(6%), transient loss of consciousness (26%), and 
vomiting prior to severe headache onset (69%) 
[10] (Table 7.2). Some patients may report a 
severe headache a few days prior to presentation 

Table 7.1  Other causes of SAH

Intradural vertebral artery dissection
Rupture of a cerebral arteriovenous malformation
Dural arteriovenous fistula
Mycotic aneurysm
Pituitary apoplexy
Moya-Moya syndrome
Cocaine or sympathomimetic abuse
Vasculitis of the central nervous system
Reversible cerebral vasoconstriction syndrome (Call–
Fleming Syndrome)
Hypertensive crisis

Table 7.2  Common presenting features

Sentinel leaks – 30–50%
Meningitis – 80%
Loss of consciousness – 45% at ictus, 10% for several 
days
Seizures – 10–25%
Focal neurology – 25% (hemiparesis, aphasia, 
hemineglect, cranial nerve palsies, and memory loss)
Motor deficits – 10–15%
Retinal hemorrhage (Terson’s syndrome) – 20–30%
Hypertension – 50%
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with aSAH  – a phenomenon termed “Sentinel 
Headache” or “Herald Bleed.” Many authors 
ascribe this cephalgia to a change in the aneu-
rysm morphology or a small contained leak from 
the aneurysm that later ruptures to cause the pre-
senting subarachnoid hemorrhage. Physical exam 
findings are typically nonspecific but can include 
depressed level of consciousness or confusion. A 
new third cranial nerve palsy (partial or complete) 
should raise the suspicion for an ipsilateral poste-
rior communicating artery aneurysm causing 
compression on the third nerve.

7.4	 �Diagnosis

Noncontrast head CT remains the imaging 
modality of choice for screening for subarach-
noid hemorrhage. Modern-day spiral acquisi-
tion multi-slice CT scanners are highly sensitive 
(almost 100%), but this sensitivity declines as 
time passes and based upon the expertise of the 
reviewer of the images [12]. False positive 
results are possible in patients with diffuse 
cerebral edema, retained IV CT contrast (espe-
cially in patients with renal failure), and sub-
arachnoid injection of radiopaque contrast 
agents.

A lumbar puncture is recommended if the ini-
tial head CT does not reveal subarachnoid hem-
orrhage or other cause of presentation. Ideally, if 
a lumbar puncture is pursued it would be per-
formed at least 6 h after the onset of symptoms to 
maximize the sensitivity in detection of xantho-
chromia. Spectrophotometry of the CSF superna-
tant is more sensitive than visual inspection of the 
CSF supernatant [13].

MRI of the brain is an alternative imaging 
modality that can be helpful in patients where a 
high clinical suspicion remains but the initial 
head CT is negative and the cephalgia onset was 
3–4 days prior. Sequences that can be especially 
helpful are T2 hyperintense signal in the sub-
arachnoid space (especially on FLAIR) and 
gradient-echo or susceptibility-weighted imaging 
demonstrating loss of adjacent cerebral paren-
chymal signal due to the presence of subarach-
noid or intraventricular blood [14].

Computed tomography angiography (CTA) 
has become increasingly useful in avoiding the 
invasiveness of catheter angiography, while 
offering advantages of speed and aneurysmal 
volume assessment. 3D-CTA uses post-proce-
dural reformatting with volume rendering tech-
niques and maximum intensity projections to 
significantly enhance imaging perspectives of 
aneurysmal morphology  – including compli-
cating branch or perforating vessels. The abil-
ity to extract bone and facilitate 3D rotation 
allows visualization consistent with the actual 
surgical approach. The main drawbacks are a 
limited resolution of vessels less than 1 mm in 
size, as well as the reformatting itself, which, 
of necessity, consumes time and computing 
resources [15].

Conventional catheter angiography remains 
the gold standard for evaluation of the cerebral 
circulation. The conventional cerebral angio-
gram is critical in multiple ways: defining the 
cerebral vascular anatomy, precise localization 
and characteristics of the ruptured cerebral aneu-
rysm, identification of unruptured cerebral 
aneurysm(s), and assisting the neurosurgeon and 
endovascular team in the decision of clipping vs 
coiling of the aneurysm. If the conventional 
catheter angiogram is negative on first imaging, 
and especially if the pattern of subarachnoid 
blood is not classic for perimesencephalic sub-
arachnoid hemorrhage, most physicians will 
pursue a repeat cerebral angiogram at some point 
during the same hospital stay or within short-
term follow-up.

7.5	 �Grading Scales

A number of important grading scales are pub-
lished in the literature. The most commonly used 
are the Hunt and Hess [16], The World Federation 
of Neurological Surgeons (WFNS) [17], and 
Fisher grading scales [18]. The Hunt and Hess 
grading scale is a clinical scale and was first 
described in 1968 as a tool to gauge surgical risk 
and plan the timing of surgery; it is now used to 
assist in predicting clinical outcome (Table 7.3). 
It has been criticized for high degrees of 
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inter-observer variability [17]. The WFNS Scale 
applies the Glasgow Coma Scale (GCS) Score to 
patients with SAH, in order to describe level of 
consciousness combined with the presence or 
absence of focal deficits, with the intent of both 
describing the severity of neurological injury and 
predicting patient outcomes (Table 7.4). The 
Prognosis on Admission of Aneurysmal 
Subarachnoid Hemorrhage (PAASH) scale is a 
relatively recent refinement of this concept and 
may offer greater discrimination of prognosis, 

but requires wider validation [19]. The Fisher 
grading scale is a radiographic scale originally 
developed to be a predictor for cerebral vaso-
spasm (Table 7.5), but has been criticized on the 
basis of confused progression of risk from grades 
3 to 4.

7.6	 �Treatment

Treatment for aSAH focuses on prevention of 
rebleeding, treatment of the aneurysm, and moni-
toring for cerebral vasospasm and delayed cere-
bral ischemia (DCI).

Rebleeding is a major cause of early mortal-
ity in patients with aSAH that survive to hospi-
tal admission. It occurs in 4–17% of patients 
within the first 72 h after presentation, and the 
mortality associated with rebleeding is signifi-
cant with estimates up to 50–60% [9, 21, 22]. 
Antifibrinolytic therapy with aminocaproic acid 
was widely used in the 1980s and 1990s as it 
decreases the rate of rerupture, but it is no lon-
ger routinely used as it increases the risk of DCI 
[23], and some authors have reported increased 
rates of hydrocephalus [24]. There is renewed 
interest in the selective use of a short course of 
antifibrinolytics (<72  h) until the aneurysm is 
secured, especially in patients that are initially 
too ill to safely transport to the Interventional 
Neuroradiology suite or the operating room, but 
concerns on hydrocephalus remain [25]. Acute 
treatment of hypertension (SBP < 160) is also 
thought to decrease the rate of aneurysmal 
rerupture, but there is a dearth of data on the 
exact target and agents used. Antihypertensive 
control of blood pressure is driven predomi-
nantly by case series, but target levels of any-
where between 90 and 140 mm Hg are seen and 
there is no firm consensus [26]. Overly aggres-
sive reductions risk ischemic stroke [27]. Our 
practice is to dichotomize treatment between 
less than 120  mm Hg in those younger than 
70  years of age and less than 140  mm Hg in 
those older.

Obviously, early treatment of the source of 
bleeding reduces the need for and risk of antihy-
pertensive therapy.

Table 7.3  Mortality according to admission Hunt–Hess 
grade [20]

Hunt–Hess grade
Mortality rate, 
%

1. Mild headache 3.5
2. Severe headache or cranial nerve 
deficit

3.2

3. Confusion, lethargy, or lateralized 
weakness

9.4

4. Stupor 23.6
5. Coma 70.5
Total 18.0

Reproduced under the terms of the Creative Commons 
Attribution 4.0 International License (http://creativecom-
mons.org/licenses/by/4.0/)

Table 7.4  Odds ratio of poor outcome for the WFNS 
scale [19]

WFNS category % Odds ratio (95% CI)

I 14.8 Reference
II 29.4 2.3 (1.3–4.1)
III 52.6 6.1 (2.9–12.8)
IV 58.3 7.7 (4.3–13.7)
V 92.7 69.2 (30.6–156.5)

Table 7.5  Fisher grade of cerebral vasospasm risk in 
subarachnoid hemorrhage

Group Appearance of blood on head CT scan

1 No blood detected
2 Diffuse deposition or thin layer with all 

vertical layers (in interhemispheric fissure, 
insular cistern, ambient cistern) less than 
1-mm thick

3 Localized clot and/or vertical layers 1 mm or 
more in thickness

4 Intracerebral or intraventricular clot with 
diffuse or no subarachnoid blood
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Treatment of the aneurysm is performed with 
open surgical clipping or endovascular coiling of 
the aneurysm. The modality chosen for treatment 
of ruptured cerebral aneurysms remains contro-
versial (especially in the United States) and is 
beyond the scope of this discussion, but local 
institutional expertise, practice patterns, and 
patient characteristics are critical. Among the 
important factors to be considered in the decision 
of clipping vs coiling are patient age, aneurysm 
location, aneurysm morphology, presence of con-
comitant intraparenchymal hematoma, and the 
patient’s medical comorbidities and condition 
after aneurysm rupture. However, the most recent 
follow-up of a comparison of endovascular and 
surgical interventions reported a significantly 
greater probability of disability-free survival 
after 10 years [28].

7.7	 �Hydrocephalus

Acute hydrocephalus is seen in approximately 
20% of cases after aSAH [29]. Increasing age, 
female gender, poor admission Hunt and Hess 
grade, higher Fisher grade (especially grade 4), 
and aneurysmal location in the distal posterior 
circulation are some of the factors associated 
with hydrocephalus development [30]. The cause 
may be a simple obstruction (or noncommunicat-
ing cause) of the aqueduct, third or fourth ven-
tricles from hemorrhagic clot, as opposed to the 
scarring of arachnoid villi and limited rCSF reab-
sorption (communicating type) seen in more 
chronic courses – although mixed patterns are not 
unusual. Severe headache, cognitive decline and 
loss of upward gaze are all associated features. 
Acute drainage may reduce pain and improve 
conscious level [31], and should be considered in 
any severely obtunded patient before decisions 
on limitations of care.

7.8	 �Delayed Cerebral Ischemia

The major causes of neurologic morbidity 
among survivors of aSAH arise from delayed 
cerebral ischemia (DCI) – thought to be a con-

sequence of cerebral vasospasm. Cerebral vaso-
spasm is defined as the reversible narrowing of 
cerebral arteries and arterioles and is most com-
monly reported after aneurysmal subarachnoid 
hemorrhage (occurring in approximately two-
thirds of patients presenting with aSAH [32]), 
but narrowing of the cerebral vasculature has 
also been reported in association with a number 
of conditions including nonaneurysmal and 
traumatic subarachnoid hemorrhage, reversible 
cerebral vasoconstriction syndrome (Call–
Fleming syndrome), and CNS infections includ-
ing meningitis and encephalitis. DCI is defined 
as neurologic deterioration related to local cere-
bral ischemia and occurs in approximately one-
third of patients presenting with aSAH [33]. 
Cerebral vasospasm can certainly induce DCI 
and there are considerable case series recording 
the benefit of angioplasty to improve flow. 
However, recent pharmaceutical interventions 
demonstrably reducing vasospasm have not had 
significant effect upon neurological outcomes, 
suggesting a more complex interaction between 
vasospasm and other etiologies of ischemia, 
such as microcirculatory thrombosis or spread-
ing cortical depolarizations, in determining sub-
sequent neuronal injury [34, 35].

This does not mean that vasospasm should be 
ignored, but rather that its treatment should be 
focused on and titrated toward measures of func-
tional neurologic outcome, rather than the surro-
gate features of vasospasm [36].

Cerebral vasospasm and DCI typically occur 
between days 3–14 following aSAH with a peak 
incidence at 7–10  days. Patients with larger 
amounts of blood in the subarachnoid and intra-
ventricular spaces are reported to be at the high-
est risk for cerebral vasospasm [37]. Clinically 
symptomatic vasospasm can manifest with a 
wide spectrum of symptoms and signs including 
newly progressive cephalgia, confusion, a change 
in the level of consciousness, or new focal neuro-
logic deficit.

Monitoring for cerebral vasospasm integrates a 
multimodality approach. The fundamental basis 
for the testing of cerebral function is frequent neu-
rologic examination, most commonly in a dedi-
cated Neurointensive Care Unit at high volume 
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centers. Most centers will perform transcranial 
Doppler monitoring to assess the trends of flow 
velocity of the proximal cerebral vasculature on a 
daily or every-other-day basis. Promising and 
novel techniques include monitoring of regional 
cerebral blood and metabolic markers using 
regional cerebral blood flow monitors and cerebral 
microdialysis, and continuous EEG monitoring 
may detect subtle changes on EEG hours before 
clinical manifestations of cerebral vasospasm.

The treatment of cerebral vasospasm centers 
on improving cerebral blood flow to the territo-
ries affected. The concept of “triple-H therapy” 
(induced hypertension, induced hypervolemia, 
and hemodilution) was introduced in the 1970s 
and practiced through the early 2000s at many 
centers, but the medical treatment of cerebral 
vasospasm now centers around induced hyper-
tension and aggressive euvolemia [1, 38–40]. 
The efficacy of “triple-H therapy” was and 
remains unclear; meta-analysis of individual 
components of this strategy has not demonstrated 
benefit and the complications of this approach 
are prominent [38, 41, 42]. There is no role for 
prophylactic hypervolemia. Since the last decade 
our ICU has abandoned hypervolemic therapy in 
favor of the maintenance of euvolemia with 
induced hypertension, as a treatment strategy for 
patients with vasospasm.

Currently all pharmaceutical interventions 
against vasospasm have proven ineffective when 
measured against neurologic outcome [34, 43].

Nimodipine has been shown to decrease the 
risk of poor outcome after aSAH and is the stan-
dard of care to be administered to all patients 
with aSAH, but it does not decrease the risk of 
vasospasm per se [44, 45]. Interestingly, it is 
fibrinolytic, suggesting some possible role in 
reducing microcirculatory thrombotic complica-
tions [46]. At many centers, conventional cathe-
ter angiography is performed in patients with 
suspected or documented vasospasm based upon 
clinical signs and noninvasive testing; a cerebral 
angiogram can also be a therapeutic maneuver in 
the treatment of cerebral vasospasm, with 
catheter-directed delivery of intra-arterial vasodi-
lators and/or balloon angioplasty of vasospastic 
segments of proximal vasculature [47–50].

7.9	 �Secondary Insults

Aside from delayed cerebral ischemia, many 
other secondary insults may manifest within the 
ICU, with consequent effects upon neurologic 
outcome [51].

Cardiac abnormalities are common with 
frequent observation of ECG changes after 
SAH.  These do not relate to outcome [52]. 
One-third of admitted SAH patients will have 
abnormal perfusion scans [53], while around 
the same number demonstrate increased tropo-
nins [54].

Eight percent of SAH patients demonstrate 
abnormal echocardiography, especially those 
with blood in the basal cistern [55]. This propor-
tion is greatly increased in those with elevated 
troponins (≥0.3  ng/ml), with 44% having an 
ejection fraction (EF) of less than 50%, as com-
pared to 5% of patients with no troponin rise. An 
almost identical ratio is seen with regional wall 
motion abnormalities (44% vs 4%). There are 
likely genetic predispositions to this entity of 
neurologic myocardial stunning, with evidence 
of differences in adrenoreceptor subtypes having 
an effect, and there are functional similarities to 
Tsakotsubo cardiomyopathy [56]. Treatment for 
coronary ischemia is not usually indicated, as 
significant recovery often occurs within several 
days, with no persistent sequelae. However, it is 
also prudent to consider that the risk factors and 
age groups experiencing coronary artery disease 
and subarachnoid hemorrhage may indeed 
overlap.

The ICU clinician should have a low threshold 
for suspecting cardiac involvement – especially 
when patients experiencing the severe pain of 
SAH fail to manifest a hypertensive response. 
QTc prolongation, symmetrical T inversion, and 
troponin elevation may all indicate acute need for 
echocardiography with subsequent inotropic and 
pressor treatment titrated to cardiac output [55]. 
This may limit surgical intervention and favor a 
decision for early endovascular treatment in 
unsecured aneurysms. Similarly, patients with 
secured aneurysms and new vasospasm may 
require angioplasty as opposed to aggressive 
pressor therapy [57].
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Pulmonary injury to varying degrees is often 
observed in up to 44% of patients after SAH, but 
only a third of those experience severe dysfunc-
tion [58]. This may again be consequent to myo-
cardial dysfunction, but there is also some 
element of systemic inflammatory response fol-
lowing SAH [59]. Care should be expectant, and 
although diuresis may occasionally be indicated, 
close attention should be paid to volemic status 
given previously identified risks of hypovolemia 
and stroke [60]  – especially in the context of 
vasospasm.

Transfusion has been shown to increase risks 
of acute lung injury in SAH patients [61]. While 
anemia is associated with worse neurological 
outcome, corrective transfusion has not been 
associated with benefit – rather the converse [62]. 
There is no agreed consensus on appropriate 
transfusion thresholds, with observed variation 
between intensivists and surgeons [63].

Fever has been previously overlooked and 
underrated as a contribution to worse outcome 
but recent studies have demonstrated both preva-
lence and significant effect [51, 64, 65]. There 
have been no studies establishing benefits of 
hypothermia – rather, treatment is targeted toward 
maintenance of normothermia [66].

Hyponatremia is the most common electrolyte 
abnormality seen in patients after SAH, with up to 
40% of patients requiring treatment [67]. The eti-
ology is ascribed to either cerebral salt wasting 
syndrome – as a consequence of either cerebral or 
cardiac expression of “B” natriuretic peptide [68, 
69] – or the syndrome of inappropriate antidiuretic 
hormone (SIADH) [70]. Treatment of either etiol-
ogy is very different, and careful attention must be 
paid to volume status. The frequently observed 
polyuria tends to support the former mechanism. 
However, some confounding is introduced when 
considering that both volume and pressure eleva-
tion will themselves induce a compensatory natri-
uresis as a normal part of renal function [71].

Salt tablets may be combined with moderate 
free water restriction to limit derangements. The 
comparison of sodium and osmolality in both 
urine and serum may offer insights into whether 
large urine volumes are losing sodium, and may 
indicate the use of fludrocortisone. Severe cases 

may require intravenous hypertonic saline 
infusions.

Anorexia is common in SAH patients, and 
while understandable in the context of the ceph-
algia and nausea induced by SAH (as well as the 
effects of subsequent opiate analgesia), the nega-
tive catabolic effects may be profound. Energy 
requirements are elevated beyond those patients 
with ischemic stroke [72], with a consequent 
observed negative nitrogen balance. In turn this is 
associated with an increased risk of hospital-
acquired infection and poor outcome [73]. 
Hypoalbuminemia may complicate the mainte-
nance of intravascular volume status [74].

7.10	 �Critical Care Teams

Patients with SAH present with a life-threatening 
pathology matched by complex derangements of 
neurologic, cardiac, pulmonary, endocrine, and 
nutritional function. In the face of those problems 
and possible morbidities, it is not a surprise that 
the introduction of a dedicated neurocritical care 
team is associated with reduced in-hospital mor-
tality and length of stay [75–77].
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8.1	 �General Considerations 
for Airway Management 
in Neurosurgery

Airway management in neuroanaesthesia does 
not differ much from the standard airway man-
agement for general anaesthesia recommended 
by the international guidelines. However, there 
are some unique factors related to the nature of 
some neurosurgical procedures and to the clinical 
implications of certain neurological diseases that 
present specific challenges to maintain ventila-
tion and airway patency along the entire periop-
erative process. Neuroanaesthesiologists need to 
be aware of the risks and be skilled in different 
techniques for managing the airway in a safe and 
efficient way.

The variety of non-conventional patient posi-
tions and the complexity of surgical instrumenta-
tions create ergonomic barriers that hinder the 
access to the patient’s head and airway (Fig. 8.1). 
Therefore, it is mandatory to carefully plan the 
best strategy to manage the airway throughout 
the process, from the initial plan to secure the air-
way to extubation, including rescue plans in case 

of an unintentional tracheal extubation, or unex-
pected complications.

Furthermore, airway management and neu-
rologic pathology are reciprocally related 
(Table 8.1). Neurologic conditions commonly 
seen in this patient population, such as a 
reduced level of consciousness, a certain degree 
of myopathy or neurological deficits, directly 
impair airway patency, protective reflexes or 
ventilation control, decreasing the safety mar-
gin for securing the airway. On the other hand, 
the response to aggressive airway manipula-
tions and failure to deliver adequate oxygen-
ation and ventilation may have a devastating 
impact on neurological outcomes in patients 
with cervical spine injuries or intracranial 
hypertension, for instance.

Finally, some specific neurological diseases, 
for example acromegaly or cervical spine lesions, 
are well-known causes of difficult airway, which 
require specific and well-planned approach.

All the above considerations emphasize the 
recommendation that anaesthetists taking care of 
neurosurgical patients need to master a wide 
range of airway management techniques (fibre-
optic intubation, second-generation supraglottic 
devices, videolaryngoscopes, cricothyroidotomy, 
etc.), in order to address all the related events that 
may occur during induction of anaesthesia, 
patient positioning, surgery course, awakening 
extubation and postoperative care.
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8.2	 �Airway Management 
in Craniotomies

Challenging positions during craniotomies 
include prone, lateral, park bench or sitting. 
Management of neurosurgical patients in prone 
position will be extensively discussed in Chap. 16. 
In a great number of surgeries, patient’s head is 
fixed to the surgical table with a Mayfield-Kees 
skull-pin head frame, making neck manipulation 
or mouth opening extremely difficult. Even more, 

the head is covered with sterile surgical drapes, 
and the table containing the surgical instruments 
may be placed over the patient’s chest. Additional 
bulky equipment may also obstruct the access to 
the airway.

8.2.1	 �Preoperative Evaluation

With a few exceptions, airway assessment for 
neurosurgical patients is similar to the general 
surgical population. A comprehensive evaluation 
of the airway is recommended, especially in those 
patients with a known disease associated to antic-
ipated difficult airway, for example rheumatoid 
arthritis, cervical/spinal disease, acromegaly, etc.

Special consideration during preoperative 
assessment should be given to the potential 
increase of intracranial pressure (ICP) and its 
repercussion on patient’s neurological situa-
tion. A reduced level of consciousness may 
be associated with a high risk of upper airway 
obstruction during the perioperative period and 

a b

Fig 8.1  Difficult airway access during neurosurgery in prone (a) or sitting position (b)

Table 8.1  Implications of the neurological disease and 
neurosurgical procedures over the airway management

Reduced level of consciousness
Myopathy
Neurological deficits
Anatomical impairment: acromegaly, cervical stiffness
Potential neurological impairment during airway 
manipulation (spine trauma, ICP increase)
Positions for neurosurgical procedures: sitting, prone, 
extreme lateral neck, park bench

I. Gracia et al.
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should be taken into account. Low cranial nerves 
dysfunction might cause a decrease of airway pro-
tective reflexes leading to a higher risk of aspira-
tion or hypoventilation. Neuroanaesthesiologists 
should discuss in advance the surgical details and 
the intended position of the patient’s body, head 
and neck to plan the appropriate strategy for air-
way management.

8.2.2	 �Standard Management

Patients without criteria for difficult airway that 
require tracheal intubation are typically managed 
using direct laryngoscopy after induction of 
anaesthesia. In patients with predicted difficult 
airways, the use of videolaryngoscopes or flexi-
ble scopes is the best choice, according to the 
most recent and relevant guidelines. For patients 
at risk of regurgitation and pulmonary aspiration, 
a rapid sequence induction should be considered, 
if awake fibreoptic intubation is not indicated. 
The use of 1.2 mg/kg rocuronium would provide 
adequate muscle relaxation allowing tracheal 
intubation in 1 min. Supraglottic airway devices 
(SGDs) are feasible options for patients that do 
not necessarily need tracheal intubation, specifi-
cally in case of awake neurosurgery [1], as dis-
cussed below.

The airway must be carefully secured and the 
tracheal tube (or SGD device) tightly taped 
before positioning the patient, to decrease the 
risk of unintended extubation. For positions that 
do not maintain neutral position of head and 
neck, the use of reinforced tubes is preferred. A 
soft bite-block is recommended to prevent occlu-
sion of the airway tube, and it is mandatory when 
motor evoked potentials (MEPs) monitoring is 
scheduled to assess the functional integrity of 
motor pathways.

Haemodynamic disturbances during laryngos-
copy and tracheal intubation must be blunted to 
avoid an acute increase of ICP.  Drugs such as 
lidocaine 1 mg/kg intravenously [2] or esmolol 
[3] before anaesthesia induction can minimize 
the haemodynamic and cerebral response to the 
laryngeal stimulation. Other effective measures 
include the administration of clonidine 2–4 μg/kg 

orally the night before and/or 1 h before arrival to 
the operating room [4, 5] and the α-2 agonist dex-
medetomidine during induction and maintenance 
of anaesthesia to provide haemodynamic stability 
[6].

Guided tracheal intubation through an SGD, 
as the I-gel or Aura gain laryngeal mask airway, 
may also reduce the haemodynamic response to 
laryngoscopy [7].

Hypercapnia or hypocapnia during manual 
ventilation at induction should be avoided (see 
ventilation management).

8.2.3	 �Extubation and Awakening

Rapid recovery and extubation after intracranial 
tumour surgery are desirable in order to assess 
patient neurological status and to detect poten-
tial intracranial complications. Since residual 
pharmacological sedation may worsen a neu-
rological deficit, short-acting anaesthetics are 
preferable intraoperatively. Extubation, how-
ever, may be associated with agitation, increased 
oxygen consumption, catecholamine secre-
tion, hypercapnia and systemic hypertension. 
This may exacerbate the cerebral hyperaemia 
observed even during an uneventful recovery, 
leading to cerebral oedema or haemorrhage [8]. 
Moreover, unintended Valsalva manoeuvres, 
coughing or bucking during awakening impairs 
venous return and could increase ICP. The effect 
of coughing on the ICP has a variable duration, 
depending on brain compliance, but is usually 
less than 5 min [8].

Several studies have explored methods to 
reduce the effects of extubation on cerebral hae-
modynamics. Drugs such as lidocaine [9], esmo-
lol [10, 11], diltiazem/nicardipine [12], fentanyl 
[13] and dexmedetomidine [14] have been effec-
tively given for this purpose. Remifentanil infu-
sion, which is widely used in neurosurgery, has 
also been suggested as a strategy for smoothing 
emergence [15], although no studies have dem-
onstrated its efficacy in neurosurgical patients. 
The use of remifentanil during this period 
improves analgesia and could reduce haemody-
namic impairment but must be carefully titrated 
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to avoid neurological depression (which could 
mask a neurological complication), as well as 
respiratory depression (which could cause hyper-
capnia and further hyperemia, thus abolishing the 
beneficial effect of haemodynamic control).

Non-pharmacologic methods to optimize 
emergence from anaesthesia and extubation have 
also been investigated, as replacing the endotra-
cheal tube (ETT) by a SGD before awakening the 
patient. In a randomized trial in patients undergo-
ing supratentorial craniotomy, the use of a SGD 
at the end of surgery, not only attenuated the hae-
modynamic disturbance and its effects on cere-
bral hyperemia, but also dramatically decreased 
the incidence of cough episodes compared to the 
ETT [16]. Replacement of the ETT by a SGD 
may be an effective alternative to provide haemo-
dynamic stability in vulnerable neurosurgical 
patients, particularly in patients with a history of 
chronic hypertension [7, 16], reducing the risk of 
potential serious complications in the postopera-
tive period.

8.2.4	 �Specific Procedures

8.2.4.1	 �Awake Craniotomy: Functional 
Neurosurgery

Indications for awake craniotomy include resec-
tion of tumours or vascular malformations located 
in eloquent areas and deep-brain stimulation in 
patients with Parkinson’s disease or epilepsy.

The patient is positioned facing the anaes-
thesiologist or the neurophysiologist, allowing 
continuous communication and interaction with 
pictures/cartoons or a laptop during brain map-
ping. However, as these neurosurgical procedures 
typically last for several hours, immediate access 
to secure the airway in case of emergency should 
be planned [17]. Sleep apnoea syndrome must be 
considered as an exclusion criterion for awake 
craniotomy due to high risk of severe airway 
obstruction.

In the asleep-awake-asleep technique (see 
Chaps. 12 and 13), where anaesthetic approach 
consists of general anaesthesia before and after 
brain mapping, SGDs seem to be the most widely 
accepted technique [1, 17]. One of the most criti-
cal steps is the patient awakening right before 

brain mapping, while the patient’s head is fixed 
to the surgical table with a Mayfield-Kees head 
frame or a stereotactic frame. It is crucial to 
avoid coughing, that may result in cervical spine 
lesion, and to blunt any hypertensive response, as 
haemodynamic fluctuations have more repercus-
sion on the cerebral perfusion while the patient’ 
dura mater is opened. Compared to tracheal 
intubation, SGDs offer some advantages such as 
avoiding neck extension for laryngoscopy, easier 
placement in challenging patient positions, and 
reduced incidence of coughing and hypertension 
during emergence. Second-generation SGDs 
with a gastric channel are recommended, as they 
provide a better airway seal and allow insertion 
of a gastric tube, reducing the risk of gastric 
insufflation and regurgitation. It is recommended 
to have a flexible scope at hand to check the posi-
tion of the SGD or to guide tracheal intubation, 
if needed.

In case of monitored anaesthesia care 
approach (see Chap. 12), supplemental oxygen 
is given via nasal prongs or facial mask. A naso-
pharynx cannula may be used, which is usually 
well tolerated by the patient, although the risk 
of nose bleeding may be considered. Additional 
material to control airway, such as a SGD, must 
be available during the procedure in case of a 
respiratory depression.

8.2.4.2	 �Ventriculoperitoneal Shunts
For this procedure, the patient’s head is laterally 
rotated, as much as possible, to one side to facili-
tate tunnelling the shunt (Fig. 8.2). Although 
tracheal intubation with a reinforced ETT seems 
to be the most extended airway management 
in these patients, some studies [18, 19] suggest 
that the use of SGD is a feasible alternative for 
short neurosurgical procedures. Compared to 
tracheal intubation, the use of SGD reduces hae-
modynamic changes and may speed anaesthesia 
recovery (lighter anaesthesia, no need for muscle 
relaxants). As a precaution, the position of the 
SGD should be checked and adjusted after the lat-
eral rotation of the neck and during tunnelling at 
the level of the neck [20], as this manoeuvre may 
cause displacement of the device resulting in air 
leaks or airway obstruction. Second-generation 
or flexible SGDs are the best-suited options for 
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this purpose. In case of unsuccessful adjustments, 
tracheal intubation may be required.

8.3	 �Airway Management 
in Pituitary Surgery

8.3.1	 �Preoperative Evaluation

Patients with non-functioning tumours, Cushing 
disease or prolactinomas have an incidence of 
difficult intubation similar to general surgical 
population [21]. However, acromegaly, due to 
the overproduction of growth hormone (GH), 
is a well-recognized cause of difficult intuba-
tion and airway management. The unregulated 
secretion of GH results in hypertrophy of facial 
bones and tissues leading to typical alterations in 
the airway anatomy: prognathism, macroglossia 
and reduction of the glottic inlet. Such patients 
require a careful assessment of the airway prior 
to induction of anaesthesia, taking into account 
that clinical signs used to assess potential dif-
ficult intubation, such as the upper lip bite test 
and the Mallampati classification, have shown 
less sensitivity and accuracy compared with non-
acromegalic controls [22]. A correlation between 
duration of symptoms and thyromental distance 
has been reported, but failed to show a relation-
ship between difficulty of direct laryngoscopy 
and thyromental distance [23]. No correlation 
between GH levels and thyromental distance has 
been found [23]. Patient gender and tumour size 

have not been related to the incidence of unan-
ticipated difficult airway [21].

Anatomic changes affect the management of 
the airway because an increased effort is required 
to displace the enlarged tongue into the restricted 
submental space, making it harder to align the 
laryngeal and pharyngeal axes, and therefore 
laryngoscopic visualization becomes more diffi-
cult. Limitations in head and neck mobility may 
also contribute to the difficulty of the procedures 
[21, 23]. The incidence of difficult laryngoscopy 
(Cormack-Lehane grades III–IV) has been 
reported between 9.1 and 26% in this patient 
population [21–24].

Presumably because of the changes in upper 
airway anatomy, acromegaly is associated with 
higher incidence (20–80%) of obstructive sleep 
apnoea (OSA), which is also related to difficult 
airway [25]. Patients with a combination of 
acromegaly and OSA have been described to 
have a higher risk of perioperative airway com-
promise [26, 27]. In these cases, difficult face-
mask ventilation and difficult laryngoscopy 
should be expected.

8.3.2	 �Standard Management

An extensive discussion about the anaesthesia for 
pituitary surgery may be seen in Chap. 18. At 
present, most surgical procedures are performed 
through trans-nasal trans-sphenoidal approach. 
Therefore, orotracheal intubation is a requisite.

Awake intubation is indicated in case of 
acromegaly with predicted difficult airway. 
Target-controlled sedation for awake fibreoptic 
intubation is useful to avoid apnoea and recall in 
these patients [28].

If the patient has no criteria for difficult ven-
tilation or intubation, a standard induction of 
anaesthesia can be performed, having additional 
equipment immediately available as a safety 
measure.

8.3.3	 �Extubation and Awakening

The patient’s nose is usually packed at the end of 
the surgery, causing extra discomfort during 

Fig. 8.2  Extreme lateral patient’s head position for a ven-
triculoperitoneal shunt procedure, performed with supra-
glottic device
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awakening. This should be explained to the 
patient during the pre-anaesthesia assessment.

A well-planned strategy to avoid hypertension 
and coughing (Valsalva manoeuvres) during awak-
ening is mandatory in order to avoid bleeding or 
cerebrospinal fluid leak. The same considerations 
discussed above are applicable in these patients.

8.4	 �Airway Management 
in Cervical Spine Surgery

Common indications for cervical or upper tho-
racic spine surgery are trauma, infection, malig-
nancy and congenital or degenerative disease 
[29]. Acute spinal cord injury management will 
be discussed extensively in Chap. 6.

8.4.1	 �Preoperative Evaluation

The preoperative assessment should focus on the 
presence of radiculopathy, myelopathy or abnor-
mal function of the ligaments and joints leading 
to instability of the spine. Rheumatoid arthritis, 
trisomy 21 or Klippel-Feil abnormality are some 
of the most common syndromes associated with 
asymptomatic instability of the cervical spine. 
However, other diseases such as diabetes may 
have neurological symptoms due to radiculopa-
thy without associated anatomical changes. 
Preoperative assessment may also consider previ-
ous difficult intubation and neck movement 
restriction (Fig. 8.3).

Patients with cervical spine injury are at 
risk for airway obstruction, the management of 

a

c

b

Fig. 8.3  Upper airway compression provoked by a cer-
vical osteophyte (arrow: osteophyte; asterisk: anterior 
commissure of the vocal cords). (a) CT scan showing 

laryngeal distortion; (b) lateral neck X-ray showing the 
anterior protrusion; (c) fibreoptic view of the larynx dur-
ing intubation

I. Gracia et al.
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airway being the highest priority in the man-
agement of trauma [30]. In most cases, cervical 
trauma patients do not often require an imme-
diate airway manipulation on arrival. The risk 
of upper airway obstruction in a cervical spine 
injury is due to prevertebral soft tissue swelling. 
It is crucial to closely monitor these patients in 
order to promptly act in case life-threatening 
complications appear [31]. Careful inspection of 
soft tissues in radiological imaging is relevant. A 
rare but potential cause of upper airway obstruc-
tion is retropharyngeal haematoma. Minor head 
and neck hyperextension injuries, especially in 
the elderly, can be associated with haematoma 
formation in the retropharyngeal space due to 
rupture of small anterior branches of the verte-
bral arteries.

Airway assessment may be difficult in this 
situation since patient’s overall status may not 
allow for a detailed examination (unconscious or 
not cooperative). Moreover, a part of the assess-
ment could be difficult because of the effects of 
injury or immobilization devices [32]. In addi-
tion, patients with cervical fractures may be at 
risk for secondary neurologic injury from frac-
ture impingement or subluxation, resulting in 
serious neurological long-term damage.

8.4.2	 �Standard Management

Airway management priority in these patients is 
to avoid cervical spine displacement that could 
provoke a secondary spinal injury or aggravate an 
existing one.

Unstable Cervical Spine  The conventional 
approach for airway management in patients with 
arthrosis or atlanto-axial instability presenting 
for elective cervical spine surgery is the flexible 
fibreoptic intubation. More recently, the wide-
spread use of videolaryngoscopes has opened an 
alternative to successfully manage the difficult 
airway in these situations [32, 33].

Cervical Trauma  Airway obstruction is a major 
cause of death following trauma, therefore quick 
establishment of a patent airway to ensure 
adequate ventilation without cervical displacement 

is the main priority. However, immobilization 
devices (cervical collar or halo) can make mask 
ventilation extremely difficult, and manoeuvres to 
open airway, as head tilt, chin lift and jaw thrust, 
have been reported to displace the spine in cadav-
ers, to even higher extent than laryngoscopy, 
potentially causing secondary injury [34–36]. In 
the prehospital setting, oral or nasal pharyngeal 
airways can help in opening airway, but do not 
always work. The use of a SGD has been advo-
cated to rescue ventilation in these patients. 
Caution should be taken though, to avoid over-
inflation of the cuff that may exert excessive pres-
sure against the injured cervical spine [37, 38] and 
potentially cause secondary neurological injury.

Rapid sequence induction and direct laryngos-
copy maintaining manual in-line immobilization 
(MILI) is the fastest way to intubate an unstable 
patient with cervical spine injury. Laryngoscopy 
induces movement of the cervical spine during 
blade elevation and ETT insertion, but probably 
these movements are not of so much impact as 
previously thought [34, 39–41]. MILI stabilizes 
the head and neck to offset any applied force to 
the spine during airway management, but its effi-
cacy in reducing secondary spinal injury is 
unclear. The technique may be useful in reducing 
overall cervical spinal movements, but may have 
lesser effect if the injury is at midcervical level. 
MILI does impair visualization and may make 
tracheal intubation more difficult. Given the evi-
dence, a prudent approach in case of emergency 
is to apply MILI during laryngoscopy with the 
anterior part of the cervical collar removed and 
avoiding axial traction [32].

Flexible scopes are the best choice for tracheal 
intubation as they cause minimal cervical dis-
placement and do not necessarily require removal 
of neck-stabilizing devices. However, since it is 
more time consuming, requires patient coopera-
tion, and is often impaired by blood or secretions, 
this technique is indicated in stable patients or 
elective surgery. The use of videolaryngoscopes 
for cervical spine injury continues growing, and 
clinical studies show it is a reliable technique in 
this patient population [32]. Indications for 
awake intubation include the risk of delayed gas-
tric emptying and the need to assess neurology 
deficit after intubation [29].
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8.4.3	 �Extubation, Awakening 
and Postoperative Follow-Up

8.4.3.1	 �Awakening
Difficult airway management and surgical 
airway equipment should be available during 
extubation. Most of the patients could be suc-
cessfully extubated in the operating room with-
out complications.

For high-risk patients (Table 8.2), it is recom-
mended to take additional safety measures, as 
performing extubation over an airway exchange 
bougie to facilitate reintubation [42–45] or exam-
ining the airway with fibreoptic visualization [42, 
43, 45, 46] or lateral X-ray/CT [43, 46] in order 
to detect neck swelling.

Since the average time to reintubation is 24 h 
[47, 48], some authors recommend to maintain a 
postoperative overnight monitored care admis-
sion for at least 24 h in high-risk surgery (lasting 
5 or more hours on surgery, exposure of four or 
more vertebral bodies including C4 or higher). 
Even a conservative management may be consid-
ered, including overnight intubation, in order to 
avoid emergency reintubation or tracheostomy in 
selected patients [42, 43, 45, 47].

8.4.3.2	 �Postoperative Follow-Up
Upper airway obstruction is a well-known compli-
cation after neck surgery (carotid endarterectomy 
or thyroidectomy), although it is uncommon after 
cervical spine surgery. Few cases requiring reintu-
bation [46] or even death [48] have been reported 
in few extensive reviews analyzing its aetiology. 
Potential causes are pharyngeal oedema, haema-
toma, cerebrospinal fluid leak, angioedema, and 
graft or plate dislodgement. Several risk factors for 
postoperative airway and respiratory complica-
tions have been identified (Table 8.2). Duration of 
surgery and total blood loss (indicating the extent 
and complexity of the surgery) are factors closely 
related to the incidence of airway complication in 
all case series. A long procedure would be accom-
panied by a longer period of retraction, increase 
in local tissue trauma and swelling. The type and 
site of surgery also have important implications. 
Manipulation above C4 often lies underneath the 
mandible and requires forceful retraction adding 

more trauma to the tissues. During anterior 
approach, the cervical spine is accessed between 
the carotid sheath and the trachea and oesophagus 
that are retracted laterally, which could lead to 
recurrent laryngeal nerve palsy, dysphonia, 
oesophageal perforation, hoarseness and sore 
throat [47]. An overflexion during cervical fixa-
tion, mainly if the C0-C2 (occipito-atlanto-axial) 
joint is involved [44, 49, 50], may cause the C2 
vertebral body to protrude the posterior pharynx 
wall, leading to pharyngeal stenosis and upper air-
way obstruction immediately after extubation. The 
presence of myelopathy is related to an increased 
risk of respiratory distress [47] and should be con-
sidered a risk factor for reintubation in the postop-
erative period.

Upper airway obstruction is a life-threatening 
complication that requires early recognition and 
aggressive management [43]. The patient usually 
starts complaining of difficult breathing, dyspho-
nia and changes in voice quality that may be 
exacerbated in supine position. As the obstruc-
tion progresses, the patient becomes agitated, due 
to hypercapnia and/or hypoxia, and shows dys-
pnoea, stridor, desaturation and cyanose is that 
may quickly progress to a respiratory arrest [45]. 
If an airway complication appears, direct laryn-
goscopy and tracheal intubation might be diffi-
cult due to unstructured anatomy and have the 
potential of worsening the reactive changes of 
soft tissue [50]. The first choice is flexible scope 
guided intubation under spontaneous ventilation. 
If desaturation progresses, insertion of an SGD 
should be attempted to establish a patent airway 
and rescue oxygenation. Fibreoptic intubation 
through the SGD should be tried. In case of no-
ventilation no-intubation scenario, a surgical 
emergent subglottic access must be performed.

Table 8.2  Risk factors for postoperative airway and 
respiratory complications

Prolonged operative time (>5 h)
More than three vertebral bodies exposed
Manipulation above C4
Blood loss >300 mL
Combined anterior-posterior approach
Myelopathy
Second surgery [42]
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8.5	 �Airway Management 
in Spine Surgery

8.5.1	 �Preoperative Evaluation

In addition to standard airway assessment, it is 
important to consider whether the pathology that 
brings the patient to the operating room affects 
the spine globally or is a local problem (ankylos-
ing spondylitis vs discal herniation).

8.5.2	 �Standard Management

Spine surgery could be achieved either in flat 
prone position or in knee-chest prone position 
(Fig. 8.4). The standard approach to manage the 
airway for surgical procedures in these positions 
is to perform tracheal intubation in supine posi-
tion, and then, turn the patient onto the final posi-
tion. The use of a reinforced ETT is recommended 
to avoid airway obstruction. Mobilizing an anaes-
thetized patient not only requires time and man-
power, but also encompasses several risks during 

the process, such as unintended extubation, loss 
of IV lines or injury to the patient or assistants. 
Care should be taken during positioning so that 
ventilation is not impaired, venous return is not 
compromised and all pressure points are pro-
tected. Special attention should be paid to ocular 
protection and limb positioning in order to avoid 
nerve injuries. Head and neck can be in neutral 
position on top of a dedicated support or laterally 
rotated to one side. If that is the case, excessive 
rotation should be avoided to ensure normal 
blood flow in carotid and vertebral arteries [51].

Despite the ongoing controversy, the use of 
SGD for spine surgery is gaining popularity. 
Placement of SGD following the patient’s self-
positioning in the prone position overcomes 
some of the above-mentioned risks of turning an 
unconscious patient and saves time [52]. Several 
studies have shown that the success rate of inser-
tion and ventilation with an SGD in the prone 
position is similar to that achieved in supine posi-
tion by an experienced anaesthesiologist [53–56], 
even in obese patients [57]. Despite the safety of 
this method has been called into question, it has 

a b

Fig. 8.4  Diverse positions for spine surgery that may provoke airway access difficult (a) modified Andrews frame; 
(b) knee-chest position
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been successfully used as a rescue technique after 
unintended extubation in prone position [58, 59].

The methodology for SGD placement in prone 
patients has been described elsewhere [53, 54, 
57]. As the use of SGD in prone position is an 
advanced indication, some relevant consider-
ations should be emphasized for safe clinical use. 
First, the anaesthetist should have wide experi-
ence with SGD use and be able to quickly iden-
tify and manage any complication that might 
arise. Second, as previously discussed, second-
generation devices are strongly recommended for 
this particular use, as they provide better ventila-
tion conditions and airway protection. Third, 
additional material needed to manage a difficult 
airway should be at hand. And finally, careful 
selection of patients suitable for this approach is 
essential [56].

8.5.3	 �Extubation and Awakening

The same considerations for awakening a patient 
after a craniotomy apply for spine surgery 
patients. Increase in blood pressure after extuba-
tion has been shown to be a risk factor for the 
appearance of spinal epidural haematoma [60].

Awakening the patient in the prone position, 
allowing self-positioning into supine position 
is an additional advantage of using an SGD in 
this setting.

8.6	 �Airway Management 
in Interventional 
Neuroradiology

General precautions about working in an area 
with ionizing radiations must be always taken 
into account. The respiratory circuit as well as the 
monitoring wires and the IV lines must be placed 
in such a way that does not interfere with the 
X-ray equipment, especially with the 3-D 
devices, which need to rotate all around (360°) 
the patient’s head. ETT must be carefully taped 
and fixed in order to avoid accidental extubation 
during 3-D image acquisition. The access to 
patient’s head is hampered by the presence of 

cumbersome imaging equipment. If access to the 
airway is necessary during the procedure, the 
process must be stopped.

8.6.1	 �Cerebral Aneurysms

Coiling of cerebral aneurysms can be performed 
under general anaesthesia and tracheal intubation 
[61] or under light sedation to allow intraproce-
dural evaluation of neurological status [62]. 
Induction of anaesthesia should be smooth to pre-
vent rebleeding at this time, as an increase or 
decrease in the transmural pressure can lead to 
rupture of the aneurysm sac. Invasive blood pres-
sure monitoring before anaesthesia induction is 
useful to control any sudden change.

A supraglottic device may be used to control 
the airway in case of unruptured aneurysm coil-
ing. The SGD reduces the haemodynamic impact, 
both at the moment of induction and emergence 
of anaesthesia, attenuating the variation on arte-
rial pressure, and its effect on the wall of the 
aneurysm.

Maintaining normoventilation throughout the 
process is a priority, avoiding prolonged periods 
of apnoea or hyperventilation.

The need for postoperative controlled ventila-
tion and sedation must be individually discussed 
in each patient. Labetalol boluses may be useful 
to control hypertensive peaks during anaesthesia 
emergence [63].

8.6.2	 �Acute Ischaemic Stroke

Intracranial intra-arterial revascularization is 
usually performed with the patient awake, in 
order to continuously assess the neurological 
function. A light sedation might be administered 
in case of agitation, but always checking the level 
of consciousness.

In case of neurological impairment, agitation 
or decreased level of consciousness, airway man-
agement may be necessary. Rapid sequence 
induction of anaesthesia and tracheal intubation 
is indicated, avoiding facemask ventilation as far 
as possible. Special care should be considered to 
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maintain arterial blood pressure stable (above 
140 mmHg systolic pressure) during anaesthesia 
induction. The decision to awaken the patient 
needs to be taken individually in each case [64].

For carotid stenting, the most widespread 
approach is a monitored anaesthesia care, 
although general anaesthesia could be needed in 
the event of neurological impairment. In the rare 
event of carotid bleeding and neck haematoma 
causing airway obstruction, tracheal intubation 
must be performed immediately.

8.7	 �Ventilation Management 
in Neurosurgical Patients

Spontaneous ventilation was used as a monitor of 
brainstem function during brainstem surgery in 
the past. However, the widespread use of sophis-
ticated electrophysiological monitoring makes 
this approach no longer relevant to neurosurgical 
anaesthesia.

There is no data supporting one mode of ven-
tilation over another, provided there is adherence 
to reasonable pO2 and pCO2 targets, particularly 
in patients without pulmonary disease.

Hypercapnia and hypoxemia will induce 
increase in cerebral blood flow (CBF) and cere-
bral blood volume (CBV), leading to an increase 
of intracranial pressure (ICP) and potential 
decrease of cerebral perfusion pressure (CPP). 
Recognition and prompt treatment of these 
changes is of crucial relevance in the management 
of neurosurgical patients, making capnography 
and oxymetry mandatory in every neurosurgi-
cal procedure. Normocapnia is the routine target 
in brain-injured patients, and that should be in 
all neurosurgical procedures. Mild to moderate 
hypocapnia can be used to improve brain condi-
tions by reducing CBF and CBV. Monitoring of 
brain oxygenation (SrO2, SjO2 or PtO2) is advis-
able in these cases.

The use of PEEP only has a minimal effect on 
ICP, which is not considered clinically relevant, 
particularly when PEEP is set at levels that are 
lower than ICP [65]. Moreover, in a normovolae-
mic patient, an increase in mean airway pressure 
is not detrimental [66, 67]. The haemodynamic 

effects of PEEP (reduction of mean arterial pres-
sure and CPP) can usually be solved by the 
administration of fluids or vasoactive drugs.

�Conclusion

Airway management for neurosurgery proce-
dures poses unique challenges to anaesthetists. 
Difficult airways are often associated with 
common neurosurgical pathology. Careful 
preoperative assessment of the airway and 
neurologic status of the patient, as well as dis-
cussion of the planned surgical position and 
details, are essential to plan the best-suited 
strategy to establish and maintain airway 
patency and optimal oxygenation throughout 
the procedure. Neuroanaesthesiologists need 
to be aware of the risks and to master a wide 
range of airway management techniques in 
order to address all the related events that may 
occur during induction of anaesthesia, patient 
positioning, surgery course, awakening, extu-
bation and postoperative care.
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A New Airway Assessment 
Classification for Edentulous 
Patients and Its Potential Role 
in Neurocritical Care

Zahid Hussain Khan and Ramooz Hussain Khan

9.1	 �Airway Patency and Its 
Significance

To prevent the frequently occurring episodes of 
hypoventilation, hypoxia and imminent death, 
anesthesiologists take it as their primary respon-
sibility to ensure an effective patent airway to 
maintain unimpaired and optimal oxygenation. 
Failure to maintain oxygenation in an apneic or 
paralyzed patient entails catastrophic events 
including death. It has been reported that the inci-
dence of difficult intubation (DI) ranges between 
1% and 18% [1–4].

9.2	 �Edentulous Patients 
and Airway Assessment

The available preoperative airway assessment 
tests [1, 4–8] provide us a powerful and lucid 
account of the subject, but unfortunately these 
tests fail to encompass the edentulous patients 
who form a large proportion of our population 
and as such these patients are usually excluded 
from studies pertaining to airway assessment. 

This arena has either not been touched or perhaps 
left neglected on the grounds of nonavailability 
of a diagnostic test for airway assessment in 
edentulous patients.

Dentition seemingly imparts a protection in 
maintaining a patent airway besides being an 
important factor in airway management. The 
teeth obviously serve to be of mechanical advan-
tage of leverage while using the traditionally 
employed laryngoscopic blades. They provide a 
monumental help in supporting a static weight 
that is transferred during laryngoscopy and their 
absence as in edentulous patients would perhaps 
make some problems during laryngoscopy.

Lack of dentition would make axis alignment 
easier during laryngoscopy but the tongue would 
be an obvious impediment in visualizing the 
hypopharyngeal structures, thus making an intu-
bation difficult. As senility ensues, all the struc-
tures of the body undergo atrophic changes 
except for the tongue, which for some unknown 
reasons enlarges or perhaps undergoes hypertro-
phic changes. Likewise, it has been held that as 
the age advances, the laryngeal structures tend to 
descend caudally [9, 10]. Thus, the edentulous 
patients who commonly fall in the old-age group 
would have their larynx positioned low and cau-
dally, and this coupled with the tongue occupying 
most of the oral cavity would make laryngoscopy 
exceedingly difficult. Edentulous patients, 
according to many, do not pose much of a 
problem as far as their intubation is concerned 
but no clinical trials have been conducted to 
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ascertain the validity of this commonly held 
belief.

As there is no study in the literature about air-
way assessment in edentulous patients, we sought 
to assess the potential value of the upper lip catch 
test (ULCT) as our primary goal in this category 
of patients based on the observations in our pilot 
study [11].

9.3	 �The Upper Lip Catch Test

As most of the edentulous patients are in their 
old age, an assessment of their airway class 
prior to induction would facilitate a smooth 
induction of anesthesia and a subsequent 
quick intubation will guarantee no insult to 
their precarious cardiovascular system, being 
more vulnerable to acute hemodynamic stress 
or heart rate fluctuations. Moreover, the blood 
supply to many organs because of related ath-
erosclerotic changes may put these patients 
at higher risk of hypoxic–ischemic and even 
hemorrhagic events, and such a scenario is 
bound to occur if the intubation takes a little 
longer time.

Since no airway assessment has been con-
ducted before induction because of nonavailabil-
ity of an airway assessment test targeted at this 
population, unanticipated events are likely to 
occur during the process of intubation.

In edentulous patients having sustained head 
injuries and their life’s blood sprouting in a 
stream, a quick assessment of the ULCT in a con-
scious patient can be of significant help if an 
endotracheal intubation is to be considered later 
during the course of surveillance or when the 
level of consciousness shows a decline. Flawless 
information about the nervous system is as much 
necessary as is a subtle observation of the airway 
class and its difficulty. This would prevent the 
foreboding of an unanticipated difficult intuba-
tion in a rapidly deteriorating neurosurgical 
patient.

The ULCT classification was initially intro-
duced by Khan et al. [11] to assess airway class 
in edentulous patients. In performing the test, 

the patient is asked to roll over the lower lip 
over the upper lip as far as feasible and tolera-
ble for the patient, and then the airway class is 
determined according to the criteria proposed 
by Khan et al. (Figs. 9.1 and 9.2). Based on the 
observations obtained from their pilot study, 
Khan et al. [12] assessed the diagnostic value of 
the ULCT in their prospective study and com-
pared the results with Cormack–Lehane 
Grading (CLG) [13] as a gold standard for 
laryngoscopic view. Although their primary 
intent was to test the predictive value of ULCT 
in edentulous patients and compare it with the 
gold standard of CLG, they also evaluated the 
modified Mallampati test (MMT) and its role in 
detecting difficult intubation in edentulous 
patients never tested before as their secondary 
goal. CLG of III and IV were found in 12 (2%) 
out of the total of 588 patients. The sensitivity 
(Se) and specificity (Sp) of the ULCT were 
15% and 89.4% respectively, in contrast to 
66.7% and 81.3% respectively for the 
MMT. The positive predictive value (PPV) was 
found to be low for both the tests, suggesting a 
high false positive (FP) rate. The negative pre-
dictive value (NPV) on the contrary was high 
for both the tests. Although a higher FP rate of 
a test pushes us toward more cautious handling 
of the situation thereby helping us in preventing 
a poor outcome, nevertheless, a higher rate of 
NPV gives us a margin of safety, or in other 
words, provides us reassurance of an easy intu-
bation and thus helps us in eliminating cases of 
difficult intubation. Interpreting the signifi-
cance of the results, a high FP rate impels us to 
take the needed steps before laryngoscopy in 
terms of adequate provision of all the parapher-
nalia that are needed to facilitate a difficult 
intubation drill. This in itself is without any 
harm except that it entails an extra burden on 
the OR personnel.

However, the ULCT had a high NPV of 99.4% 
imparting a useful information that the chances 
of a DI would be exceedingly low and in the 
range of 0.6%. Again a high Sp of ULCT as 
found out in the results could document that the 
ULCT had the potential to easily demarcate those 
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edentulous patients who were subsequently 
found to have an easy intubation.

Difficult laryngoscopy is a dreaded out-
come following loss of consciousness and 
entails a host of complications, thus the NPV 
becomes an important index in the evaluation 
of a test. It helps the anesthesiologist to know 
with reasonable certainty to safely anesthetize 
the patient without the need for special airway 
equipment in the operating room. Bag mask 
ventilation had been difficult in some cases 
and it corroborates with other studies which 
state a difficult mask ventilation in edentulous 

patients. Since it was not our study outcome, 
we cannot offer statistical figures to unequivo-
cally state the degree or the percentage of dif-
ficulty of bag mask ventilation in this class of 
population.

The brain is ingenious enough to invent an 
arrangement for itself, but in the face of an 
obstructed airway, things weigh against you as an 
attending intensivist.

This test needs to be assessed in different eth-
nic and racial groups to get a clear role of its effi-
cacy in such groups and also in patients with 
craniofacial malformations.

a b

c d

Fig. 9.1  Schematic frontal view of the upper lip catch test. 
(a) Class 0; the lower lip rolling over the upper lip advanc-
ing as high as the rhinion or else positioning itself at any 
point above midway between the vermilion line and the 
rhinion. Note that the lower lip rolling over the upper lip 
exhibiting wrinkles and folds of senility, and the area above 
the chin contracted giving a goose pimple appearance. (b) 
Class I; the lower lip catching the upper lip, between a point 

2 mm above the vermilion line and the point midway 
between the vermilion line and the rhinion. (c) Class II; the 
lower lip catching the upper lip at the level of the vermilion 
line or positioning itself just above it (2 mm). (d) Class III; 
the lower lip just caresses the upper lip unable to make fur-
ther advancement and falls short of vanishing the vermilion 
line. (Reproduced with permission from Khan et al. [11]. 
Copyright 2003 Lippincott Williams & Wilkins)
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Fig. 9.2  Schematic lateral view of the upper lip catch test. 
Dotted area depicts the mucosa of the upper lip. (a) Class 0; 
the lower lip rolling over the upper lip advancing as high 
as the rhinion or else stationing itself at any point above 
midway between the vermilion line and the rhinion. (b) 
Class I; the lower lip catching the upper lip, between a 
point 2 mm above the vermilion line and the point midway 

between the vermilion line and the rhinion. (c) Class II; 
the lower lip catching the upper lip at the level of the 
vermilion line or positioning itself just above it (2 mm). 
(d) Class III; the lower lip just caressing the upper lip but 
fails to obliterate the vermilion line. (Reproduced with 
permission from Khan et  al. [11]. Copyright 2003, 
Philadelphia, Lippincott Williams & Wilkins)

Conclusion

Airway assessment and timely endotracheal 
intubation in a rapidly deteriorating head 
injury patient is of immense importance. Its 
implementation becomes all the more impor-

tant in edentulous patients who are vulnerable 
to become hypercapnic because the leverage 
of the teeth is missing promoting the tongue 
to fall backwards, thus impeding ventilation. 
The ULCT helps us in assessing the airway in 
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this class of patients, especially so when there 
lurks an impending danger of apnea.

Of all the complications in anesthesia and 
intensive care unit, the one I most fear and 
consider horrid is a failed intubation in an 
apneic patient. Thus airway assessment is of 
paramount importance. The ULCT is of high 
import in edentulous patients and should be 
evaluated in this class of patients to prevent 
encountering a difficult airway after the induc-
tion agent is administered.
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Airway Management 
in Neurocritical Care

Mohammad Jalili

10.1	 �Introduction

Airway compromise may occur in a multitude of 
neurological conditions mainly as a result of 
muscle weakness or significant decline in mental 
function [1]. In fact, in patients with severe neu-
rological disorder, the need for airway protection 
is one of the main indications for admission to 
neurological intensive care units. Therefore, phy-
sicians who care for patients with neurological/
neurosurgical disorders must possess the required 
skills for managing this type of emergency.

Airway management in the setting of neuro-
critical care may pose a particular challenge. 
Unlike the elective nature of airway management 
in the operating room, the complication rate of 
airway management in this setting is higher, 
partly due to the limited physiologic reserve and 
the existence of co-morbidities [2]. Moreover, 
there is little time for preparation, and a thorough 
evaluation of the patient’s airway is rarely feasi-
ble prior to the airway intervention.

While knowledge of the basic principles of 
airway management is necessary, these patients 
merit some specific considerations. In this chap-
ter, we overview the general principles of airway 

management and then briefly discuss the specific 
considerations in neurocritically ill patients.

10.2	 �The General Principles 
of Airway Management

10.2.1	 �Indications for Intubation

Patients with neurological problems may require 
intubation on the basis of three general criteria [1]:

	(a)	 Failure to maintain or protect the airway: 
decreased level of consciousness, absence of 
gag reflex, and inability to handle oral secre-
tions are clinical indicators suggesting inabil-
ity of the patient to protect his/her airway. 
Failure to maintain a patent airway even for a 
brief period of time is life threatening and 
may lead to untoward consequences. So, a 
timely recognition of the need for intubation 
is of paramount importance.

	(b)	 Failure to ventilate or oxygenate: decreased 
oxygen saturation, hypercarbia, and respiratory 
distress are clues to respiratory insufficiency. 
Ventilation failure is defined as the inability of 
the respiratory system to oxygenate arterial 
blood and eliminate carbon dioxide from the 
body, resulting in PaO2 < 60 mm Hg and PaCO2 
> 50 mm Hg. Oxygenation failure is character-
ized by the presence of a PaO2 less than 
60 mmHg and a normal or low PaCO2 level [3].
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	(c)	 Anticipated course of clinical deterioration: 
Condition may worsen and cause progressive 
airway compromise in a neurological patient not 
already in obvious jeopardy. Decreasing level of 
consciousness in a trauma victim leaving the 
emergency room for a CT scan is a typical 
example of anticipated course of clinical deteri-
oration which requires prophylactic intubation.

The decision to intubate is not always straight-
forward, especially when the patient is not in 
extremis but is approaching it. Most experts rec-
ommend intubating a patient “as soon as one con-
siders this option.”

10.2.2	 �Modalities of Airway 
Management

An overwhelming multitude of techniques and 
devices are available for establishing an airway; the 
most commonly practiced one being endotracheal 
intubation through direct laryngoscopy [2]. 
However, noninvasive airway management (manual 
airway maneuvers and bag-mask ventilation 
[BVM]) and the use of extraglottic devices (such as 
cuffed, orally inserted hypopharyngeal airways 
[LMAs], or cuffed orally inserted esophageal air-
ways [Combitubes]) are other available choices. 
While these basic airway techniques are important 
temporizing and at times lifesaving methods and 
hence should not be overlooked, we will not discuss 
these techniques in this chapter and refer the reader 
to more comprehensive textbooks for a detailed 
description of these topics. Intubation itself may be 
accomplished using different methods including 
fiberoptic intubation, awake intubation, blind nasal 
intubation, or retrograde techniques.

Many factors including the severity of the sit-
uation, the setting, and the skills of the healthcare 
provider as well as the factors related to the 
patient [2, 4] may affect the choice of the airway 
management modality.

10.2.3	 �Airway Assessment

When evaluating a patient for airway manage-
ment, one essential step is to determine whether 

the patient bears attributes that will make his/her 
airway difficult to manage. While in elective 
anesthesia practice the incidence of airway man-
agement failure is very low (unpredictably diffi-
cult to intubate 0.1–0.4% and unpredictably 
difficult to oxygenate and ventilate 0.01%) [5], it 
is probably much more common in the emer-
gency setting. The incidence of rescue cricothy-
rotomy was reported to be 1% in a cohort of 1288 
emergency patients [6]. In a study of 3423 emer-
gency nonoperating room intubations, difficult 
intubation (Cormack and Lehane grade >3 or >3 
intubation attempts) was encountered in about 
10% of the cases, almost twice as often as in 
patients with apparently normal airways sched-
uled for operation [7, 8]. Several other studies in 
critically ill patients have corroborated this find-
ing (e.g., 8% [9], 10% [10], and 12% [11]).

While often difficult and sometimes even vir-
tually impossible, assessment of the patient’s air-
way prior to the intervention is necessary and 
influences the strategy for airway management 
and the success of the procedure. Anticipating the 
degree of difficulty will enable the physician to 
select a potentially successful technique rather 
than a method which is destined to fail. The goal 
of this assessment is to determine the risk for dif-
ficult mask ventilation (DMV) as well as the risk 
for difficult intubation (DI).

A number of clinical indicators for DI and 
DMV have been proposed. Factors pointing to the 
possibility of DMV include, but is not limited to, 
age of 55 years, body mass index of >26 kg/m2, 
lack of teeth, male gender, and presence of a beard 
[2].

Mallampati score describes the degree to 
which visualization of the base of the tongue, 
faucial pillars, uvula, and posterior pharynx is 
possible. A Mallampati class III or IV points to a 
disproportionately large size of the base of the 
tongue and can predict airway management dif-
ficulty. The maneuver is performed with the 
patient seated, the neck extended, and the tongue 
protruded. While this is seldom possible or 
practical in an unresponsive or critical patient, 
the maneuver can be done with the patient supine 
using a tongue blade.

The so-called 3-3-2 rule states that a difficult 
airway can be expected if an adult patient is 
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unable to open his/her mouth at least three finger-
breadths (about 6 cm), or if the distance from tip 
of the chin to the hyoid bone is less than three 
fingerbreadths, or if the distance from the floor of 
the mouth to the top of the thyroid cartilage is 
less than three fingerbreadths [12].

Upper airway obstruction or distortion also 
makes intubation difficult and so does reduced 
cervical mobility (extension of the atlanto-
occipital joint less than 35°), which may be 
caused by diseases such as rheumatoid arthritis 
or C-spine immobilization in a trauma victim.

A systematic approach to stratify the risk of DI 
is the “LEMON law.” It has not yet been vigor-
ously validated but is simple and sensible. 
According to this law, for difficult airway assess-
ment, one should Look externally for risk factors 
of DI and DMV, Evaluate the 3-3-2 rule, deter-
mine the Mallampati score, and look for 
Obstruction and Neck mobility [13]. Furthermore, 
difficulty in intubation can be anticipated based on 
the view obtained during direct laryngoscopy, the 
so-called Cormack and Lehane classification [14].

While none of these tools has a high positive 
predictive value, one can expect a straightfor-
ward intubation if all the results are negative [2]. 
Moreover, many of these tests suffer from very 
poor interobserver reliability [15]. It has been 
suggested that a combination of multiple tests is 
a better predictor of difficult intubation than any 
single test. The predictive value of the risk factors 
for DI and DMV has commonly been derived 
from elective situations and their values in the 
setting of neurocritical patients is unknown.

10.2.4	 �Organized Approach 
to Airway Management

Rapid-sequence intubation (RSI) is a logical 
approach for the majority of ICU patients requir-
ing endotracheal intubation, because they com-
monly have a full stomach. This procedure 
requires an organized and orderly approach 
which allows the physician to be prepared for 
unforeseen complications.

The discrete steps of RSI can be memorized 
as seven Ps: Preparation, Preoxygenation, 
Pretreatment, Paralysis with induction, 

Protection and positioning, Placement with 
proof, and Postintubation management. Every 
step should be planned and carefully taken.

10.2.4.1	 �Preparation
Before embarking on the procedure, one should 
ensure the presence of adequate personnel, opti-
mal patient positioning (proper height of the bed 
with the wheels locked), sufficient lighting, and 
availability of the necessary equipment including 
100% oxygen, a well-fitting mask with attached 
bag-valve device, suctioning equipment, a Magill 
forceps, a laryngoscope with straight and curved 
blades of various sizes, and oral and nasal air-
ways [2]. In this initial phase of RSI, the details 
of intubation are planned, the patient is placed on 
cardiac monitoring and pulse oximetry, and 
good-quality IV lines are established.

10.2.4.2	 �Preoxygenation
RSI requires several minutes of apnea before sig-
nificant oxygen desaturation to less than 90% 
occurs. This can be achieved by the essential step of 
preoxygenation, which causes the functional resid-
ual capacity of the lungs to be replaced with oxygen 
and creates an oxygen surplus in both blood and tis-
sues. It should be remembered that a commonly 
used non-re-breather oxygen mask can deliver con-
centration in the range of 70–75%. A concentration 
of 100% can be provided using a ventilation bag 
and mask placed over the face and nose and the 
patient taking normal tidal volume breaths for 
3–5 min. In cases when this is not feasible, eight 
rapid, deep breaths from a 100% oxygen source will 
achieve the goal of preoxygenation.

10.2.4.3	 �Pretreatment
Several drugs are administered before intubation 
to mitigate its adverse effects. The most com-
monly used drugs include Lidocaine, to blunt the 
bronchospastic reactivity of the airways or intra-
cranial pressure (ICP) response, Opiods (mainly 
fentanyl) to mitigate the sympathetic responses, 
Atropine, for children 10  years old or younger, 
and a small Defasiculating dose of a competitive 
neuromuscular blocker. The mnemonic LOAD 
can be used to remember the drugs. A 3-min 
interval is desirable between pretreatment and 
induction.
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10.2.4.4	 �Paralysis with Induction
In this step, prompt loss of consciousness is pro-
duced by intravenous (IV) administration of a 
potent, rapidly acting sedative (induction) agent. 
Immediately following this, a neuromuscular 
blocking agent (NMBA), usually succinylcho-
line, is given via IV push. It should be noted that 
in critically ill patients there might be contraindi-
cations to the use of succinylcholine. In these 
cases, the physician should be aware of the alter-
natives and use them judiciously.

10.2.4.5	 �Protection and Positioning
Twenty to thirty seconds after the receipt of the 
sedative agent and the neuromuscular blocker, 
apnea will ensue and consciousness will be lost. 
The patient should then be positioned for intuba-
tion. Head extension with neck flexion is often 
recommended, but simple head extension or 
extension of both head and neck may be as effec-
tive [16, 17].

Backward application of firm pressure over 
cricoids cartilage, referred to as Sellick’s maneu-
ver, has traditionally been recommended; its 
alleged benefit of minimizing the risk of regurgi-
tation, however, has been challenged recently by 
two systematic reviews. There are even claims 
that it may make laryngoscopy or intubation dif-
ficult [18]. Therefore, the maneuver is optional 
and should be applied selectively.

10.2.4.6	 �Placement with Proof
Approximately 45 s after the administration of the 
NMBA, intubation should be attempted. Many 
physicians test the patient for flaccidity by mov-
ing the patient’s mandible to ensure sufficient 
relaxation of the musculature, which is important 
for allowing better access to the airway.

The intubator visualizes the glottis aperture 
and places the tube under direct visualization. 
The stylet is then removed and the cuff inflated. 
Confirmation of the correct position of the tube 
should be undertaken employing one of the meth-
ods described below.

The choice of blade shape depends on the 
operator’s preference, but direct laryngoscopy 
using a straight blade probably requires less force 
and head extension [19]. Plastic single-use 

blades, in comparison to metal reusable blades, 
are inexpensive and carry a lower risk of infec-
tion, but they are less efficient in critical care set-
tings and have been shown to result in a 
significantly higher rate of failed intubation on 
the first attempt [20]. Several other laryngoscope 
blades have been introduced, but there are no 
data on their utility in the ICU. Some data, how-
ever, suggest that video-assisted or fiberoptic 
devices can lead to better glottic visualization 
than conventional blades [21, 22].

Confirmation of Proper Tube Positioning
Once the endotracheal tube (ETT) is inserted, the 
physician should ascertain the position of the 
tube within the trachea. Common methods to 
obtain this goal include bilateral auscultation of 
the lungs and measurement (or detection) of end-
tidal carbon dioxide (CO2). None of these meth-
ods is flawless, and fiberoptic bronchoscopy is 
the only way to document correct position of the 
tube with absolute certainty [2]. Esophageal intu-
bation can lead to serious consequences, and 
hence auscultation of the chest should not be the 
only way to confirm tube position.

Capnography, the noninvasive measurement 
of the partial pressure of CO2 in exhaled breath, is 
the most reliable indicator of proper endotracheal 
tube placement and is an emerging standard of 
care in intensive care units. In patients with ade-
quate tissue perfusion, end-tidal CO2 detector can 
be used to confirm endotracheal tube position. 
But in patients with markedly decreased perfu-
sion such as those in cardiac arrest it may be less 
accurate. Use of capnography at the time of intu-
bation is widely accepted as an appropriate 
standard. The Intensive Care Society has strongly 
recommended the use of capnography during tra-
cheal intubation in the critically ill patients [23]. 
Despite this recommendation, a survey demon-
strated that in only one-third of ICUs in the 
United Kingdom, capnography was invariably 
used for confirmation of the tube placement [24]. 
This infrequent use of capnography in the ICUs 
has also been echoed in other studies [25]. In a 
study on ICU patients, Cook et  al. showed that 
failure to use capnography contributed to 17 out-
comes of death or brain injury [26].
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10.2.4.7	 �Postintubation Management
After ETT has been inserted and secured in place, 
a chest radiograph needs to be obtained to rule 
out main stem intubation. In addition, opioid 
analgesics and benzodiazepines should be admin-
istered to improve patient comfort and facilitate 
mechanical ventilation.

10.2.5	 �Complications

According to a prospective study in England and 
Wales, over 1000 airway incidents in the ICU 
were reported between 2005 and 2007, 18% of 
which occurred at intubation [25]. When facing a 
difficult airway, the physician can expect compli-
cations at a rate of between 5% and 40% [6]. 
Emergent airway management in the critical care 
setting also frequently becomes complicated [2]. 
The risk of intubation-associated serious compli-
cations in critically ill patients is higher than 
patients undergoing elective intubation [4], but 
the exact incidence of RSI-related complications 
in the ICU is unknown and thought to be under-
reported. Complications are reported at rates 
ranging from 4% to 39% [27, 28]. The rate of 
complications increases in cases where more 
than two intubation attempts are required [29].

Adverse consequences of endotracheal intu-
bation can be generally categorized into trau-
matic complications, hemodynamic alterations, 
and other complications.

Some of the most common traumatic compli-
cations comprise dental damage, vocal cord 
injury, laceration of pharynx, larynx, trachea, or 
esophagus, and even dislocation of arytenoids 
cartilage.

Occurrence of an episode of hypotension or at 
least a drop in blood pressure almost always fol-
lows intubation. Depending on the definition of 
severe hypotension, its incidence following intu-
bation is 6–25% [27, 30, 31]. In patients with 
CNS disorders in whom cerebral autoregulation 
is impaired, even a small systemic hypotension 
can decrease cerebral perfusion pressure and 
hence be detrimental. This complication is seen 
more frequently in patients with a baseline mean 
arterial pressure <70 mmHg, age >50 years, more 

severe underlying disease, and when propofol or 
high doses of fentanyl are used for induction 
[32]. Etomidate is less vascular active and so 
more suitable for induction of cerebrovascular 
patients, but it leads to adrenocortical suppres-
sion [33] and may increase mortality in patients 
with septic shock [34]. Ketamine is another alter-
native induction agent and has no depressing cir-
culatory effects but is thought to be associated 
with increases in ICP, although this was not con-
firmed in several studies. Both ketamine and 
etomidate reduce the incidence of severe hypo-
tension compared to thiopental or propofol [35].

The depolarizing agent succinylcholine 
induces small increases in ICP. This is especially 
true in patients with traumatic brain injury (TBI). 
However, in a recent Cochrane analysis of 50 
good-quality studies on the subject the authors 
concluded that succinylcholine created superior 
intubation conditions to nondepolarizing muscu-
lar blocker rocuronium in achieving excellent 
and clinically acceptable intubating conditions 
[36].

Other complications of intubation include, but 
are not limited to, severe hypoxemia, arrhyth-
mias, esophageal intubation, aspiration, cardiac 
arrest (at a rate of 2–3% [37, 38]), and even death.

10.3	 �Specific Considerations 
in Neurocritically Ill Patients

Respiratory failure in neurologic patients may 
result from conditions not directly related to their 
neurological disease. Examples include chest 
contusions in the major trauma patient with TBI, 
pneumothorax after central line placement in a 
stroke patient, respiratory depression by seda-
tives and analgetics, and so on. On the other 
hand, respiratory compromise in this group of 
patients may be due to disease-related causes, 
which in turn may be central or peripheral.

Central respiratory failure may be caused by 
impaired respiratory coordination or reduced air-
way protection due to loss of pharyngeal muscle 
tone or loss of protective reflexes. On the other 
hand, lung mechanics may be severely impaired 
in peripheral nervous system diseases such as 
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Guillain-Barré syndrome, amyotrophic lateral 
sclerosis, or myasthenia gravis crisis.

Basically, the general criteria for intubation 
also apply to these patients as well. While the 
details of intubation in this group of patients have 
not been systematically studied, some specific 
considerations deserve mention.

10.3.1	 �Specific Situations

10.3.1.1	 �Prehospital Airway 
Management

In the austere environment of the field, where 
limited resources are available, several options 
exist for creating a definitive airway. While 
orotracheal intubation is the most common 
method of intubation in the prehospital setting 
[39–41], digital intubation, nasotracheal intuba-
tion, use of LMAs, lighted stylet, and Combitube 
are also some other available options. Emergency 
medical service (EMS) personnel should be 
trained to master these techniques. Conditions 
which preclude direct laryngoscopy are fre-
quently encountered in the field, and digital 
intubation is a useful alternative in these situa-
tions [42]. Nasotracheal intubation has the 
advantage of not requiring pharmacological 
assistance, but it results in more agitation and 
cannot be used in patients with mid-facial frac-
tures or apnea [1].

In children, prehospital intubation does not 
improve survival or neurological outcome as 
compared to BVM ventilation [43, 44]. Although 
prehospital intubation using RSI has proved to be 
highly successful [45], some studies have pointed 
to a negative effect on patient outcome when it is 
used by EMS personnel [46, 47]. This finding 
may be justified by the extra time spent in the 
field to intubate or the unintentional hyperventi-
lation with subsequent cerebral vasoconstriction 
and reduction in brain perfusion [48]. A definite 
conclusion is yet to be made.

10.3.1.2	 �Trauma Patients
Many trauma patients benefit from maintenance 
of a patent and secured airway to provide ade-
quate oxygenation and prevent aspiration. Major 

trauma patients comprise a sizable proportion of 
intubations. In the National Emergency Airway 
Registry (NEAR), 31% of the patients were 
trauma cases [6]. However, in this setting, many 
trauma-related factors make definitive airway 
management technically more difficult and pose 
unique challenges; these include a combative 
head injury patient, a facial trauma patient, extra-
luminal compression of the airway due to hema-
toma, a potential cervical spine injury, and finally 
a full stomach [49]. Inadequate airway manage-
ment is the primary cause of preventable death in 
trauma patients [50].

While many conditions such as shock, dis-
rupted airway anatomy, and chest trauma in 
trauma may impact the airway management, we 
will focus on two important aspects, namely, spi-
nal cord injury and traumatic brain injury.

Spinal Cord Injury
Quite often, the results of initial radiographic 
studies are unknown when a critically ill 
patient with potential cervical spine injury 
requires emergent airway management. Under 
these circumstances, cervical spine precau-
tions should be maintained throughout the pro-
cedure. This requires careful planning and 
significant experience. However, neurologic 
deterioration is not common in patients with 
cervical spine injuries who undergo endotra-
cheal intubation [51–55].

During airway instrumentation in patient with 
suspected cervical spine injury, it is recom-
mended that an assistant helps with the manual 
in-line immobilization of the neck. This tech-
nique has proved to be safe and effective for the 
prevention of morbidity. If the victim is wearing 
a cervical collar, the anterior portion should be 
removed as manual in-line immobilization is 
maintained [21, 56]. This method is associated 
with less spinal movement than cervical collar 
immobilization.

No conclusive evidence exists in the literature 
to allow favoring one endotracheal intubation 
technique over the other, some authors strongly 
suggest that awake fiberoptic intubation, if feasi-
ble, should be considered in the setting of limited 
neck mobility and cervical spine injury [2].
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Traumatic Brain Injury
In patients with severe head injury, maintenance 
of cerebral perfusion is of paramount importance. 
Hypoxemia and hypotension increase the mortal-
ity in patients with TBI and should be avoided at 
all costs. It has been proved in several studies that 
patients with TBI benefit from intubation in the 
prehospital or early emergency department 
phase. Therefore, intubation has been included in 
the American Association of Neurologic Surgery 
guideline and the guideline of the Brain Trauma 
Foundation for TBI patients with a Glasgow 
Coma Scale (GCS) ≤ 8 [57, 58]. In patients with 
head injury whose GCS score is above 8, the 
threshold for intubation should be lowered if con-
comitant severe injury exists, the patient must 
leave the controlled environment of ED, or the 
patient is clinically deteriorating.

However, intubating head trauma patients can 
be very challenging. Laryngoscopy, both directly 
and through a sympathetically mediated response, 
may raise ICP.  Pretreatment with lidocaine and 
fentanyl attenuates the potential increase in 
ICP.  The choice of the medications is also 
affected by the patient’s condition. Etomidate is 
the preferred drug for induction since it main-
tains stable hemodynamics and protects the brain. 
Thiopental bears cerebroprotective properties but 
is a myocardial depressant and vasodilator and, 
hence, may not be an appropriate choice in 
trauma patients. Although controversial, ket-
amine is believed to increases ICP and is better 
avoided in patients with TBI.

In cases of major facial or airway trauma, one 
should soon proceed to surgical airway tech-
niques such as cricothyroidotomy.

10.3.1.3	 �Stroke
Patients with ischemic stroke, especially those 
with large vessel involvement, may undergo 
intubation. This occurs increasingly often in 
those receiving endovascular revascularization. 
Ischemic stroke may be complicated by respira-
tory impairment due to the disturbances in brain-
stem control of respiration, diminished 
consciousness, or aspiration or systemic compli-
cations such as pneumonia, pulmonary embo-
lism, or pulmonary edema. Inadequate 

ventilation due to a reduced level of conscious-
ness and failure to maintain a patent airway are 
the most common reasons for endotracheal intu-
bation and mechanical ventilation in these 
patients [59, 60].

The need for intubation worsens the prognosis 
of the patients with acute stroke, about 50% of 
them survive 30  days and 30% survive 1  year 
[61]. Low GCS score at intubation and absence 
of pupillary light reflexes predict a poorer prog-
nosis and mortality. More than two-thirds of the 
survivors, however, regain normal activities of 
daily living with mild to moderate impairment 
[62]. After hemispheric ischemic stroke, the need 
for mechanical ventilation is associated with an 
increased rate of mortality [63, 64].

RSI is the preferred method of airway man-
agement in stroke patients [65]. Depolarizing 
agents, fentanyl, lidocaine, and propofol have not 
been shown to be deleterious to the stroke patient. 
According to AHA/ASA scientific statement 
guideline [66], the PaCO2 should be corrected to 
normocarbia (Class IIa; Level of Evidence C).

10.3.1.4	 �Raised Intracranial Pressure
ICP may increase as a result of injury or medical 
problems. Raised ICP leads to diminished cere-
bral perfusion pressure, which is detrimental to 
the viability and function of the brain. During 
intubation, a significant afferent discharge due to 
the stimulation of the supraglottic larynx results 
in sympathetic activity and catecholamine surge. 
Administration of a single 3 μg/kg dose of fen-
tanyl over 30–60  s as a pretreatment drug in 
patients with elevated ICP can blunt this reflex 
sympathetic response to laryngoscopy (RSRL). 
Even when RSRL is blunted, laryngoscopy or 
insertion of ETT may directly increase the 
ICP.  This reflex ICP response to laryngoscopy 
can be blunted by IV administration of lidocaine 
during pretreatment phase.

Rapacuronium and rocuronium are competi-
tive (nondepolarizing) NMBAs and are preferred 
to succinylcholine because they do not cause ICP 
elevation. In cases where competitive NMBAs 
are used, no “defasciculating” dose will be 
required. Both drugs have a rapid onset of action 
and result in a limited duration of paralysis.
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10.3.1.5	 �Status Epilepticus
Patients with status epilepticus need to be intu-
bated if the seizures cannot be stopped during 
the first steps of treatment. Otherwise, nasopha-
ryngeal airway placement would suffice. 
Furthermore, respiratory depression in patients 
receiving excessive doses of benzodiazepines 
can lead to early need for intubation [67]. If 
rapid sequence induction is planned, short-act-
ing paralytic agents should be employed to 
ensure that ongoing seizure activity is not 
masked. Continuous EEG monitoring may 
become necessary especially if long-acting para-
lytics are used.

�Conclusion

Airway management in the neurological/neu-
rosurgical patients relies mainly on basic prin-
ciples of airway intervention, but several 
specific recommendations need to be borne in 
mind. These include careful attention to indi-
cations and contraindications for intervention, 
selection of the optimal technique, and appro-
priate choice of medications. Physicians 
responsible for taking care of the neurocriti-
cally ill patients should be well equipped with 
this knowledge and expertise.
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Postoperative Pain Management 
After Craniotomy

Ramani Vijayan and Loh Pui San

11.1	 �Introduction

It had been a common belief in the past that 
patients undergoing craniotomy experience mini-
mal pain in the postoperative period. This proba-
bly goes back to a study conducted in the 1970s 
[1]. However, several surveys in the last two 
decades have shown that many patients suffer 
from moderate to severe pain following craniot-
omy. Pain following craniotomy is common. De 
Benedittis et al. from the Institute of Neurosurgery 
in Milan assessed important pain variables in 37 
consecutive patients who underwent various 
brain neurosurgical procedures [2]. Pain intensity 
was recorded regularly over 48 h following sur-
gery. Postoperative pain was more common than 
generally assumed (60%), and the intensity was 
moderate to severe. Pain was predominantly 
superficial (86%) suggesting that it was somatic 
rather than visceral in origin. Subtemporal and 
suboccipital surgical routes yielded the highest 
incidence of postoperative pain. That site of sur-
gery as an important variable was shown by 
Thibault et  al. in a retrospective study of 299 
patients, designed to assess the intensity of post-
operative pain in relation to the location of crani-
otomy [3]. Frontal craniotomy was associated 

with the lower pain scores than those who under-
went posterior fossa craniotomy and required 
significantly less opioid analgesics.

Post-operative pain management following 
intracranial surgery has not been well studied and 
there is a lack of good evidence-based guidelines 
to provide appropriate postoperative analgesia 
protocols for these neurosurgical patients. The 
study of post-craniotomy pain can be challenging 
because of several variables such as intraopera-
tive opioids, subjectivity of pain assessment tech-
niques and primarily the patient’s neurological 
status. Opioid administration after major intra-
cranial surgery is limited by both a presumed 
lack of need and a concern that opioids will 
adversely affect the postoperative neurological 
status. This attitude can be seen in the surveys of 
post-craniotomy analgesic practices in neurosur-
gical centres. In a 1996 survey, Stoneham and 
Walters sent a postal questionnaire to 183 consul-
tant members of Neuroanaesthesia Society of 
Great Britain [4]. They received responses from 
110 neuroanaesthetists from 37 different centres. 
Intramuscular (IM) codeine phosphate or dihy-
drocodeine was the mainstay of postoperative 
analgesia for 97% of neuroanaesthetists despite 
the fact that over half of them thought that anal-
gesia was inadequate. Only four of them would 
consider using stronger opioids because of fears 
of respiratory depression and sedation, yet all 
except one used opioids intraoperatively. 
Postoperative analgesia was perceived to be 
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inadequate, yet traditional prejudice against opi-
oids prevented its use.

Ten years later, another survey of current 
practices in British neurosurgical centres 
showed not much difference in the way pain was 
addressed following craniotomy [5]. A postal 
questionnaire was sent to every neurosurgical 
unit within the UK enquiring about the current, 
standard analgesic practices following craniot-
omy. The response rate was 70%. Intramuscular 
codeine phosphate, a weak opioid, was found to 
be the principal first-line analgesic post-craniot-
omy. Only three centres used morphine as the 
first-line analgesic and only one centre used 
patient-controlled analgesia (PCA). This survey 
demonstrates that codeine phosphate continues 
to be the first-line analgesic of choice, at least in 
the UK.  Codeine is a weak opioid and only 
5–15% is converted to morphine. The enzyme 
that catalyses the demethylation of codeine to 
morphine exhibits genetic polymorphism result-
ing in about 15% of Caucasians experiencing no 
analgesic effect with it [6]. In addition, analge-
sics were prescribed regularly in only half the 
units surveyed.

In a more recent survey of Canadian neurosur-
geons, with regard to pain management in post-
craniotomy patients, codeine was also the most 
prescribed first-line analgesic (59%) followed by 
morphine (38%) [7]. The use of a second-line 
opioid was significantly higher among codeine 
prescribers compared to morphine. The majority 
of respondents reported a high level of satisfac-
tion with their current choice of analgesia; they 
predominantly described their practice as per-
sonal preference or protocol driven rather than 
evidence based.

11.2	 �Treatment of Acute 
Postoperative Pain 
After Intracranial Surgery

11.2.1	 �Opioids and Patient-
Controlled Analgesia

With the increasing realization that patients were 
suffering from inadequate analgesia following 

craniotomy, there have been several studies in the 
last two decades to improve it, by including opi-
oids as first line in pain management. In an early 
study, nearly 20 years ago, Stoneham et al. com-
pared patient-controlled analgesia (PCA) with 
morphine with the traditional intramuscular (IM) 
codeine phosphate [8]. In a prospective random-
ized trial of 30 patients, they compared PCA 
morphine, 1 mg bolus with 10 min lockout and 
no background infusion with IM codeine. There 
was a wide variation in the amounts of morphine 
requested in the PCA group with some reduction 
in pain scores. There were no significant differ-
ences between the two groups with respect to 
nausea and vomiting, sedation scores and respira-
tory rate and no major adverse effects in either 
group. They concluded that PCA morphine can 
be an alternative to IM codeine. Tanskanen and 
group in Finland evaluated the feasibility and 
safety of PCA with oxycodone in neurosurgical 
patients and compared the efficacy of paracetamol 
with ketoprofen [9]. In a group of 45 patients 
who were randomized to receive either 
paracetamol 1000 mg or ketoprofen 100 mg three 
times, all patients were allowed to use PCA oxy-
codone boluses of 0.03 mg/kg with a maximum 
of three times an hour with a lockout time of 
10 min. The ketoprofen group required less oxy-
codone with comparable pain scores and both 
groups were satisfied with pain relief. There was 
no progressive hypoventilation, desaturation or 
excessive sedation with the use of oxycodone.

The above two studies showed that PCA mor-
phine/oxycodone did not produce any adverse 
effects. However, the effect on arterial CO2 levels 
was not known. Hence, Sudheer and colleagues 
compared the analgesic efficacy and respiratory 
effects of morphine, tramadol and codeine after 
craniotomy [10]. Sixty patients were randomly 
allocated to receive morphine PCA, tramadol 
PCA or codeine phosphate 60  mg intramuscu-
larly following craniotomy. Baseline values of 
pain and sedation scores and arterial CO2 tension 
were recorded at the time of first analgesic 
administration and at 30 min, 1, 4, 8, 12, 18 and 
24  h. Patient satisfaction was assessed at 24  h. 
There were no differences in PaCO2 or sedation 
scores between groups at any time, but in all 
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three groups, some patients had increased PaCO2 
levels greater than 1  kPa. Morphine produced 
significantly better analgesia than tramadol at all 
time points (p < 0.005) and better analgesia than 
codeine at 4, 12 and 18 h. Patients were more sat-
isfied with morphine than codeine and tramadol 
(p < 0.001). In addition, vomiting and retching 
was noted in 50% of patients on tramadol. 
Tramadol has been advocated by some due to its 
dual mechanism of action and less incidence of 
sedation, but it showed that it had a higher inci-
dence of vomiting, which is not suitable for 
patients following craniotomy.

Despite this, tramadol continued to be evalu-
ated for postoperative pain management. Rahimi 
et al. conducted a randomized, blinded prospec-
tive study to evaluate the efficacy of tramadol as 
an alternative strategy for post-craniotomy pain 
management [11]. They found the group of 
patients assigned to tramadol and opioids had 
better pain control, reduced length of hospital 
stay than the group assigned to paracetamol and 
opioids. Besides morphine, the shorter-acting 
fentanyl has been used recently to evaluate its 
efficacy for neurosurgical patients who have 
undergone intracranial surgery. Morad et  al. 
hypothesized that intravenous PCA would safely 
and more effectively treat postoperative craniot-
omy pain than conventional as needed (PRN) 
therapy [12]. Following a standardized course of 
general anaesthesia, adult patients who under-
went elective supratentorial intracranial surgery 
were randomized to receive either PRN intrave-
nous fentanyl 5–50 μg every 30 min or PCA fen-
tanyl 0.5 μg/kg every 15 min (maximum 50 μg 
fentanyl/dose; four doses per hour). The authors 
measured pain (self-reported pain scores), seda-
tion (Ramsay Sedation Scale scores), Glasgow 
Coma Scale scores, fentanyl use and major 
adverse events (excessive sedation, respiratory 
rate, nausea, vomiting hourly). Sixty-four 
patients with a mean age of 48 years were ran-
domized to receive PCA or PRN fentanyl. 
Patients receiving PCA had significantly lower 
pain scores than those receiving IV, PRN fen-
tanyl. They also received significantly more fen-
tanyl than the PRN group. There were no 
differences between the two groups regarding the 

number of patients with adverse events. They 
concluded that IV PCA with fentanyl was an 
effective method of pain relief.

Following their success, this same group 
studied patients who underwent posterior fossa 
surgery, which often produces more intense 
postoperative pain [13]. They therefore designed 
a prospective, randomized controlled trial, with 
a 1:1 allocation ratio to evaluate whether IV 
PCA would lead to reductions in postoperative 
pain when compared to nurse-administered 
PRN therapy. Eighty patients were randomized 
to two arms. One group to receive PCA fentanyl 
0.5 μg/kg/dose with a maximal dose limit of 50 
μg and a 15-min lockout interval, while the 
other group received fentanyl 25–50  μg every 
30 min, PRN. Patients in the PCA group reported 
less pain at rest (p = 0.003) and received more 
fentanyl than the PRN group (p = 0.002). There 
were no differences in side effects and no 
adverse effects related to analgesic therapy. All 
patients were also treated with paracetamol, 
local anaesthetic nerve blockade and anti-
inflammatory steroids as well as opioids. The 
limitation of this study is that it was done at a 
single centre with a dedicated critical care unit, 
and it was not specifically designed to access 
the safety of IV PCA.

11.2.2	 �Paracetamol

Paracetamol is used regularly as part of multi-
modal analgesia following craniotomy to reduce 
opioid requirements. Paracetamol alone is not 
adequate to control postoperative pain in these 
patients. Verchere et al. randomized patients into 
three groups: one group was given paracetamol, 
nalbuphine was added to the second group and 
tramadol was added to the third group [14]. 
Inclusions into the paracetamol group were 
stopped after eight patients, as pain relief was 
insufficient with paracetamol alone. Addition of 
either nalbuphine or tramadol was deemed to be 
necessary to achieve adequate analgesia. 
Paracetamol continues to be part of multimodal 
analgesia and one needs to be careful not to 
exceed 4 g/day.
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11.2.3	 �Coxibs/Non-selective NSAIDs

The addition of ketoprofen was shown to be more 
effective than paracetamol in reducing PCA opi-
oids following surgery [9]. Diclofenac sodium 
has also been used to improve pain relief and 
improve patient comfort after major intracranial 
surgery [15]. There is, however, a concern about 
using non-selective NSAIDs following neurosur-
gery as the cyclooxygenase enzyme-1 (COX-1) 
inhibitor component of the drug can lead to intra-
cranial bleeding. In a large, single-centre, retro-
spective cohort study of 6668 cases over 5 years, 
there was an association between the develop-
ment of postoperative haematoma and the use of 
aspirin or non-selective NSAIDs, which the 
authors concluded was an avoidable risk factor in 
75% of the cases [16].

With the availability of the COX-2 selective 
drugs (coxibs), there was renewed enthusiasm to 
use them to reduce pain following surgery. 
However, a single dose of parecoxib did not show 
any benefit over placebo in the first 24 h regard-
ing pain scores, morphine consumption or 
analgesia-related adverse effects in one study 
[17], when scalp infiltration, paracetamol and 
morphine was used in both groups. In an earlier 
study, Jones and colleagues from Melbourne 
administered a single dose of parecoxib 40 mg at 
dural closure and only found some pain reduction 
at 6 and 12  h with a only a modest impact on 
overall postoperative analgesia [18]. Perhaps a 
single dose is not adequate, and it may need to be 
repeated at 12 h for better efficacy.

11.2.4	 �Scalp Infiltration with Local 
Anaesthetics (Regional Scalp 
Blocks)

In efforts to reduce the need for opioids in the 
postoperative period, regional scalp blocks have 
been tried to improve pain relief. Most neurosur-
geons routinely infiltrate the scalp prior to inci-
sion. Scalp blocks have been used extensively as 
it is intuitive that they will be found to be useful. 
Guilfoyle et  al. recently published a systematic 
review and meta-analysis on regional scalp block 

(RSB) for post-craniotomy analgesia [19]. They 
identified seven high-quality RCTs which met 
their criteria with a total recruitment of 320 
patients. All studies used standard local anaes-
thetic drugs (lignocaine, bupivacaine, ropiva-
caine), with three studies combining LA with 
adrenaline. RSB was done preoperatively in three 
studies and after wound closure in four studies. 
Meta-analysis found a pooled reduction on pain 
scores at 1 h. Both pre-and post-groups showed 
significant reductions in pain scores at 2, 4, 6, 8 
and 12  h with an overall reduction in opioid 
requirements in the first 24  h. There were no 
complications attributable to RSB.  This meta-
analysis has confirmed the standard protocols in 
most neurosurgical units to include RSB as part 
of multimodal analgesia.

In a more recent study, Hwang et al. showed 
that inclusion of scalp blocks with levobupiva-
caine improved the recovery profile of patients 
undergoing aneurysm clipping [20]. In this study, 
52 patients scheduled for elective frontoparietal 
craniotomy for unruptured aneurysm clipping 
were randomized to receive scalp blocks with 
either normal saline or levobupivacaine 0.75%. 
Postoperative pain scores and PCA consumption 
were recorded for 72  h. The time from patient 
recovery to first use of PCA, requirements for 
vasoactive drugs and adverse effects of PCA and 
LA were recorded. Scalp blocks lowered postop-
erative pain and PCA consumption without 
severe adverse events and reduced the require-
ments for antihypertensive agents. Besides RSB, 
superficial cervical plexus blocks have been suc-
cessfully used as transitional analgesia for 
infratentorial and occipital craniotomy [21].

11.3	 �Post-craniotomy Pain 
in Children

Children from infancy to adolescents need intra-
cranial surgery for a variety of causes which 
include tumours, epilepsy, vascular malforma-
tions and craniofacial reconstruction. To evaluate 
the incidence of pain after craniotomy in chil-
dren, a multicentre observational study was con-
ducted in nine Italian hospitals [22]. After IRB 
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approval, 213 infants and children <10 years old 
undergoing major craniotomy were enrolled. 
Pain intensity, analgesic therapy and adverse 
effects were evaluated for the first 2  days. 
Moderate to severe pain was defined as a median 
FLACC or NRS score ≥4; severe pain was 
defined as a median FLACC or NRS score of ≥7. 
The overall postoperative median FLACC/NRS 
score was 1. Twenty-one children (16%) pre-
sented with moderate to severe pain in the recov-
ery room and 14(6%) on the first and second days 
after surgery. Rectal codeine was the weak opioid 
used, while remifentanil and morphine were 
widely used in the paediatric ICU.  They con-
cluded that children receiving multimodal anal-
gesia experienced minimum pain, while longer 
surgical procedures correlated with increased 
risk of having postoperative pain.

In another prospective observational cohort 
study, 200 children undergoing intracranial sur-
gery in three academic children’s hospitals were 
evaluated to determine the incidence of pain, pre-
scribed analgesics, method of analgesic delivery 
and patient/parent satisfaction [23]. Neither intra-
operative anaesthetic management nor postopera-
tive pain management was standardized. The age 
of the children ranged from 2 months to 18.5 years 
with an average of 7.8 ± 5.8 years. Despite con-
siderable variation in mode and route of adminis-
tration, there were no differences in average pain 
score, length of hospital stay and parental satis-
faction with care. Parenteral opioids were used 
along with paracetamol and this was changed to 
oral oxycodone and/or paracetamol once oral 
intake was allowed. The most common opioid-
induced side effect was vomiting, and it did not 
relate to the total daily opioid consumption.

The safety and efficacy of continuous mor-
phine infusions following paediatric cranial sur-
gery was reported from a hospital in British 
Columbia, Canada [24]. The medical records of 
71 children were retrospectively reviewed. The 
outcome measures included pain control and 
adverse events. Thirty-seven children received 
continuous morphine infusion and 34 received 
paracetamol and codeine. There was no statistical 
difference in pain control between the two 
groups, but there was a significant increase in 

nausea in the morphine group. They recommend 
the use of continuous morphine infusion if pain is 
poorly controlled with non-opioid analgesics.

In the absence of trials comparing different 
analgesic regimes in children, these observa-
tional cohort studies indicate that multimodal 
analgesia including potent opioids can be 
safely used in the setting of high dependency 
units, in which these children will be nursed in 
the postoperative period.

11.4	 �Chronic Pain 
Following Craniotomy

Following intracranial surgery, patients not only 
have acute pain lasting several days but can 
develop chronic post-craniotomy headaches. One 
of the risk factors for the development of chronic 
pain is unrelieved acute pain [25]. Diagnostic cri-
teria according to the International Headache 
Society is that it is of variable intensity, maxi-
mum in the area of the craniotomy performed for 
other than head trauma, occurs within 7 days and 
persists >3 months after craniotomy [26]. Batoz 
et  al. conducted a prospective single-blinded 
study to evaluate if scalp infiltration with local 
anaesthetic will reduce postoperative pain [27]. 
Fifty-two patients were enrolled and half of them 
received infiltration of the surgical site with 
20  mL of 0.75% ropivacaine at the end of sur-
gery. The VAS pain scores were significantly 
higher in the control group with a trend towards 
lower consumption of nalbuphine in the infiltra-
tion group. In addition, 2 months post-surgery, 
persistent pain was significantly lower than in the 
control group (p = 0.0003). Scalp infiltration may 
be relevant for the rehabilitation of neurosurgical 
patients and their quality of life by limiting the 
development of persistent pain.

Conclusions

Postoperative pain following intracranial 
surgery is an area of clinical concern that 
is receiving increasing attention in the last 
decade. Studies show that craniotomy leads 
to significant pain in the early postoperative 
period. There have been no large-scale stud-
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ies to definitively draw up guidelines and pro-
tocols for pain management in this group of 
patients. However, the judicious use of opioids 
(morphine/fentanyl), along with non-opioid 
analgesics such as paracetamol/coxibs and 
regional scalp blocks, have all provided effec-
tive pain relief after craniotomy. Unrelieved 
acute pain after intracranial surgery can lead 
to chronic persistent headaches, which can 
diminish the quality of life.
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Anesthesia for Awake Craniotomy

Luca Titi, Shaun E. Gruenbaum, 
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12.1	 �Introduction

Providing anesthesia for patients undergoing 
awake craniotomy presents unique clinical chal-
lenges that require frequently changing states of 
consciousness and analgesia [1, 2]. The goals in 
managing patients undergoing awake craniotomy 
are to ensure optimal patient comfort without 
interfering with electrophysiological monitoring 
and patient cooperation, to optimize cerebral and 
systemic hemodynamics, and to maintain ade-
quate oxygenation [3, 4]. Awake craniotomy is 
the preferred approach for functional neurosur-
gery including deep-brain stimulation for the 
treatment of Parkinson’s disease, epilepsy sur-
gery [5–9]. Moreover, awake craniotomy has 
become the gold standard for patients who 
require intraoperative monitoring of speech and 
motor functions to localize an area of surgical 
interest, such as resection or biopsy of brain 
tumors in eloquent areas, and has been shown to 

allow for a wider tumor excision and lower peri-
operative morbidity [10–13]. More recently, 
awake craniotomy has been successfully per-
formed in patients with other conditions includ-
ing obesity and severe obsessive compulsive 
disorders [14–16]. Many approaches have been 
used to provide anesthesia for the patient under-
going awake craniotomy, which are often institu-
tional dependent or tailored to meet the patient’s 
specific individual needs. These techniques range 
from local anesthesia, with or without conscious 
sedation, to general anesthesia with an asleep–
awake–asleep sequence, with or without airway 
instrumentation [17, 18]. In this chapter, we 
review some of the approaches that have been 
described in the literature with regard to airway 
management, local anesthesia, sedation, and 
hemodynamic management in the patient under-
going awake craniotomy.

12.2	 �Airway Management

A prerequisite for providing anesthesia for the 
patient undergoing awake craniotomy is to have 
expertise in advanced airway management. In 
managing the airway of an awake, spontaneously 
breathing patient, it is essential that adequate oxy-
gen is provided and carbon dioxide is removed. 
Awake craniotomy is often complicated by inade-
quate ventilation, and to this end, studies have 
demonstrated that 9.5% of patients experience 
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hypercarbia (end-tidal CO2 > 50  mmHg), 7.1% 
experience respiratory depression (respiratory rate 
<8 breaths/min), and 4.8% experience oxygen 
desaturation (SpO2 < 95%) at some point during 
the procedure [19]. Airway instrumentation might 
therefore be necessary at any point during the pro-
cedure and is often needed emergently. Hence, a 
thorough preoperative airway assessment and 
intraoperative accessibility of endotracheal and 
supraglottic airway devices is of paramount impor-
tance [20]. Although various techniques can be 
used for placing a laryngeal mask airway (LMA) 
during awake craniotomy, proper positioning 
(even when the surgical approach requires that the 
patient is in the lateral or semi-sitting position) is 
extremely important to allow the anesthesiologist 
to easily maneuver the airway and maintain opti-
mal patient comfort [20, 21]. Although nasopha-
ryngeal cannulas have been advocated by some 
experts to improve intraoperative ventilation [22], 
their use is not without risk. Placement of naso-
pharyngeal cannulas carries a risk of intranasal 
bleeding, is often difficult to position, and the 
device can interfere with the surgical field [17].

In most spontaneously breathing patients, pro-
viding 50% FiO2 via a facial mask maintains 

adequate oxygenation without suppressing the 
ventilatory drive. The real-time EtCO2 concentra-
tion, sampled in the upper airways, provides useful 
information on ventilatory mechanics, and can 
prompt gentle facial mask ventilatory support if 
hypercarbia develops. Inadequate ventilation, a 
complication that might arise during seizures or 
intractable cough, should be treated with the 
administration of appropriate sedation and place-
ment of an LMA or endotracheal tube [18].

12.3	 �Local Anesthesia

The sensory innervation is summarized in Fig. 
12.1. The anterior scalp and forehead is inner-
vated by the trigeminal nerve, the largest cranial 
nerve and principal source of sensory innerva-
tion to the head and face. The trigeminal nerve 
has three branches, the ophthalmic, maxillary, 
mandibular nerves, which innervate part of the 
forehead and scalp.

The ophthalmic branch is further split into the 
frontal, supraorbital, and supratrochlear nerves. 
The maxillary branch is further divided into the 
infraorbital, zygomatic temporal, and zygomati-

Supraorbital nerve

Mental nerve

Lesser occipital nerve

Greater occipital nerve

Infraorbital nerve

Supratrochlear nerve

Auriculotemporal nerve

Buccal nerve

Fig. 12.1  Anatomy of 
nerves required for 
performing a scalp block 
during awake craniotomy
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cofacial nerves. The mandibular branch is further 
divided into the auriculotemporal, mental, and 
buccal nerves. The innervation of the posterior 
scalp is provided by the greater occipital nerve, 
which arises from the second cervical nerve, C2 
root, and the lesser occipital nerve, which is 
derived from ventral rami of the C2 and C3 spinal 
nerves [19]. The posterior scalp is principally 
innervated by the greater occipital nerve, whereas 
the lesser occipital nerve supplies the scalp skin 
behind the ear [19].

Providing adequate local anesthesia, which 
aims to block the sensory branches of the trigemi-
nal nerve, is essential in managing patients under-
going awake craniotomy. A scalp block with local 
anesthetic provides reversible regional loss of sen-
sation and reduces pain perception and global 
energy expenditure [19]. In some cases, especially 
in patients with Parkinson’s disease undergoing 
microelectrode implantation of a deep-brain stim-
ulator, local anesthesia might be the only logical 
anesthetic approach since sedation agents can 
abolish brain impulses during microelectrode 
recordings in subcortical areas. These brain areas 
are highly sensitive to GABAergic anesthetics, 
even in small doses, and can critically reduce the 
ability to identify the excision sites [19–21]. When 
providing local anesthetic, six nerves should be 
adequately infiltrated:

	1.	 Auriculotemporal nerve: This nerve can be 
blocked with local anesthetic infiltration over 
the zygomatic process, with an injection 
1–1.5 cm anterior to the ear at the level of the 
tragus. The superficial temporal artery is ante-
rior to the auriculotemporal nerve at the level 
of the tragus, and should always be palpated 
and its course identified before injection of 
local anesthetic.

	2.	 Zygomaticotemporal nerve: This nerve can be 
blocked by infiltrating the supraorbital margin 
to the posterior part of the zygomatic arch. 
Arising midway between the auriculotempo-
ral and supraorbital nerves where it emerges 
above the zygoma, the zygomaicotemporal 
nerve ramifies as it pierces the temporalis fas-
cia. Both deep and superficial injections are 
therefore recommended.

	3.	 Supraorbital nerve: This nerve can be blocked 
by infiltrating where it emerges from the orbit. 
The supraorbital notch is palpated by the fin-
ger and the needle is inserted along the upper 
orbital margin, perpendicular to the skin, 
approximately 1 cm medial to the supraorbital 
foramen.

	4.	 Supratrochlear nerve: This nerve can be 
blocked by infiltrating where it emerges above 
the eyebrow or can be included with a medial 
extension of the supraorbital block.

	5.	 Greater occipital nerve: This nerve can be 
blocked by infiltrating approximately half-
way between the occipital protuberance 
and the mastoid process, 2.5  cm lateral to 
the nuchal median line. The best landmark 
is to palpate the occipital artery, and inject 
medially after careful aspiration. This 
should be done to avoid potential intra-arte-
rial injection.

	6.	 Lesser occipital nerve: This nerve can be 
blocked by infiltrating along the superior 
nuchal line, 2.5 cm lateral to the greater occip-
ital nerve block. It is also recommended that 
one should infiltrate the sites where the head 
pins are placed and along the line of surgical 
incision.

A recent prospective, randomized, placebo-
controlled study demonstrated that a selective 
trigeminal nerve block is more effective than 
local infiltration for scalp block in controlling 
the hemodynamic responses to incision and in 
preventing the increased stress hormone 
response to skull-pin fixation [23]. Recent stud-
ies have confirmed that local anesthetic infiltra-
tion of the scalp before craniotomy is effective 
in reducing tachycardia and hypertension, 
which could result in increased cerebral blood 
flow and intracranial pressure [20, 24]. This is 
especially important for patients with impaired 
cerebral autoregulation, in whom a small 
increase in blood pressure could result in large 
changes in cerebral blood flow and volume, fur-
ther precipitating intracranial hypertension [20, 
25]. Local anesthetic infiltration can also pre-
vent the need for intravenous analgesic agents 
early in the surgical procedure [24].
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12.4	 �Local Anesthesia Toxicity

A significant complication of local anesthetic 
infiltration is local anesthesia-induced neurotox-
icity and cardiac toxicity. The anesthesiologist 
should be aware of the maximum local anes-
thetic dose that can be safely administered and 
should never administer a dose that exceeds the 
toxicity level. The volume of local anesthetic at 
each site necessary to achieve an adequate surgi-
cal block can vary from 2 to 5  mL of a local 
anesthetic mixture of ropivacaine 0.75% and 
mepivacaine 0.2% [26, 27]. Neurotoxic effects 
of local anesthesia include drowsiness, circum-
oral paresthesias, language difficulties, tinnitus, 
visual disturbances, agitation, coma, and respira-
tory depression. During the first 15  min after 
injection of local anesthetics, patients should be 
carefully monitored for early identification and 
treatment of local anesthetic-induced neurotox-
icity. Furthermore, local anesthetics can have 
significant negative chronotropic effects. To this 
end, a recent paper on the anesthetic manage-
ment for awake craniotomy described a case in 
which the use of local anesthetic infiltration 
combined with intravenous antihypertensive 
agents resulted in significant bradycardia and 
complete atrioventricular heart block [26]. 
Neurotoxicity and cardiotoxicity should be 
treated with intravenous infusion of intralipid 
emulsion (intralipid 20% 1.5 mL/kg over 1 min 
followed by 0.25 mL/kg/min).

Another complication of local anesthetic 
infiltration is transient facial palsy after auriculo-
temporal nerve block. The exact cause of the 
transient postoperative facial nerve palsy after 
auriculotemporal nerve block is unknown and 
likely multifactorial. This technique may need to 
be refined to avoid such complications [28]. 
Many hypotheses have been suggested regarding 

the etiology of transient facial palsy, including 
direct nerve injury, nerve compression from a 
hematoma, edema, or local anesthetic injection 
that may result in neural ischemia and injury, 
and direct neurotoxic effects of local anesthetics 
[26–28].

12.5	 �Sedation and Analgesia

During awake craniotomy, it is important to 
plan a dedicated sedation–analgesia protocol. 
Providing too much sedation can result in an 
uncooperative patient with or without respira-
tory depression, whereas providing too little 
sedation results in an uncomfortable and agi-
tated patient, which can result in arterial hyper-
tension and tachycardia. Providing adequate 
sedation can make awake anesthesia for crani-
otomy less physically and emotionally stressful 
than general anesthesia [20, 29].

Intravenous anesthetic agents that have been 
described for sedation protocols include propo-
fol–fentanyl, propofol–remifentanil, and dexme-
detomidine (Table 12.1). Dexmedetomidine with 
or without concurrent use of propofol provides 
sedation that resembles natural sleep, and is 
especially useful because it does not cause respi-
ratory depression [30]. A bispectral index moni-
tor can be useful when titrating a propofol 
infusion to a target conscious state [18, 20]. In 
patients undergoing awake craniotomy, the anes-
thetic protocol should also achieve adequate 
postoperative pain control. Remifentanil is a 
well-tolerated opioid that provides good intraop-
erative pain control. However, it should be noted 
that discontinuation of remifentanil has been 
associated with several postoperative complica-
tions, including hyperalgesia, hypertension, and 
tachycardia [20, 31, 32].

Table 12.1  Perioperative sedation and analgesia protocols for patients undergoing awake craniotomy

Sedation protocol Premedication Postoperative analgesia

Propofol 1–3 mg/kg/h; Fentanyl 1–3mcg/kg/h Fentanyl 1–2mcg/kg Paracetamol 1 g twice daily
Propofol 1–3 mg/kg/h; Remifentanil 0.01–
0.25 mg/kg/h

Midazolam 0.015–0.3 mg/kg Morphine 0.1–0.3 mg/kg/die

Dexmedetomidine 0.3–0.7 mg/kg/h

L. Titi et al.
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12.6	 �Hemodynamic Management

One of the most challenging goals in providing 
anesthesia for awake neurosurgery is the optimiza-
tion of operating conditions by manipulating sys-
temic and cerebral hemodynamics. Maintenance 
of normotension or slight hypotension is necessary 
to reduce bleeding and brain swelling that can 
occur during brain exposure, and to achieve surgi-
cal hemostasis. Severe arterial hypertension and 
tachycardia are associated with a significant risk of 
postoperative intracranial hemorrhage and myo-
cardial ischemia, respectively, and should be pre-
vented or promptly treated [20]. Several agents 
can be used to lower blood pressure, including 
beta blockers (esmolol, metoprolol, atenolol), cal-
cium-channel blockers (diltiazem and verapamil), 
alpha blockers (urapidil) mixed alpha and beta 
blockers (labetalol), and alpha-adrenergic receptor 
agonists (clonidine). Nitrates should be avoided 
because they can cause cerebral vasodilation and 
increased cerebral blood flow [20, 32, 33].

�Conclusion

Awake craniotomy is a well-tolerated proce-
dure that requires an extensive knowledge of 
underlying neuroanesthesia principles, as well 
as specific strategies of local anesthetic scalp 
blockade, advanced airway management, a 
dedicated sedation–analgesia protocol, and 
skillful management of systemic and cerebral 
hemodynamics.
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TIVA for Neurosurgery

Andreia Martins Costa and Francisco Lobo

13.1	 �Introduction

A tailored anesthesia constitutes a major goal of 
the modern anesthetic practice based on the 
patient’s individual needs, surgical procedure and 
outcomes. To better achieve it, the modern anes-
thesiologist should use drugs with a predictable 
and favorable profile: a rapid onset and offset, 
safe and rapid induction, early recovery, easily 
titratable and without - or minimal - adverse or 
unwanted effects.

Pending the development of new and “almost-
ideal” drugs, the emergence and improvement of 
systems and devices that allow their safe and 
accurate delivery, have contributed to the devel-
opment of our practice.

Hypnotics and opioid drugs of short duration 
of action, such as propofol and remifentanil, 
along with target-controlled infusion systems 
(TCI) have increased the popularity of total intra-
venous anesthesia (TIVA) and enabled a tailored 

technique even in different settings such as ambu-
latory and office-based anesthesia [1].

Thus, the debate continues on intravenous and 
inhalation anesthesia regarding well-defined clin-
ical endpoints. These are mainly related to the 
speed and recovery of anesthesia, hemodynamic 
changes, operative conditions, postoperative nau-
sea and vomiting, recovery of psychomotor and 
cognitive function, and discharge from hospital.

13.2	 �TIVA Advantages

TIVA’s increasing popularity and its several 
advantages in the peri-operative setting are listed 
in Table 13.1.
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Table 13.1  TIVA advantages

Less pollution
Control of sedation before induction and at emergence
Safe and accurate titration of drugs
No conflict between airway access and drug delivery
Hypoxic vasoconstrictor reflex intact
No change in surfactant production
No renal toxicity due to fluoride ions
Safe in malignant hyperthermia
Less postoperative nausea and vomiting (PONV)
Postoperative analgesia titration
Less postoperative pain
Early postoperative patient well-being
Less imunossupression
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Beyond the well-known presented clinical 
endpoints, patient satisfaction is increasingly val-
ued and it has been suggested to be higher after 
TIVA–TCI, mainly due to the lower incidence of 
PONV [2].

Furthermore, research on long-term outcomes 
has shown that intravenous anesthesia with pro-
pofol may be more favorable concerning cancer 
recurrence after surgery [3]. Although several 
contradictory results have been published con-
cerning immunosuppression, it seems that propo-
fol attenuates surgical stress response without 
impairment of natural killer cell activity and lead-
ing to less significant immunosuppression [4].

Aware of the advantages described, economic 
impact has been a subject of great interest with 
insufficient studies until now. Although TIVA–
TCI is generally considered more expensive, the 
associated costs are mainly related to the equip-
ment and consumables. Therefore, all costs and 
benefits should be considered, related not only to 
the technique but also the institution, the patient, 
and the society [5].

Nevertheless, we should not forget the safety 
and easy titration of volatile anesthetics and rec-
ognize the merits of both techniques [6]. Clear 
indications for the use of each technique are lack-
ing and the choice seems to be more related to the 
individual experience and familiarity with the 
technique than based on published studies, with-
out forgetting the availability of the equipment.

13.3	 �Anesthetic Pharmacology 
and CNS

For a better understanding of the advantages and 
disadvantages related to different techniques, the 
main characteristics of the most commonly used 
anesthetics drugs are summarized in Tables 13.2 
and 13.3.

Propofol has rapid onset and offset, decreases 
cerebral blood flow (CBF) and cerebral meta-
bolic rate (CMRO2) dose-dependently, with a 
reduction in intracranial pressure (ICP).

The most commonly used volatile agents, 
sevoflurane and desflurane, increase CBF dose 
dependently for MAC greater than 1, with low 

CMRO2 affecting the CBF–CMRO2 coupling due 
to cerebral vasodilation. This is more sustained in 
patients with impairment of cerebral compliance.

Because of its effects on cerebral physiology, 
propofol has been suggested as the ideal anes-
thetic for neurosurgery providing better operat-
ing conditions, while TIVA is the elected 
technique [7].

13.4	 �TCI and Modern Practice 
of TIVA

TCI systems have made TIVA simpler, easier, 
and safer. The practice of target-controlled anes-
thesia is based on fundamental pharmacokinetic 
and pharmacodynamic concepts which deserve a 
detailed review.

Table 13.2  Effects of intravenous agents respectively on 
CBF, CMRO2, AND ICP

CBF CMRO2 ICP

Propofol - - - - - - - - -
Barbiturates - - - - - - -
Etomidate - - - - - - - - -
Ketamine + + + + + or = + + or + 

+ +
Opioids - or + 

or =
- - or = + or =

Benzodiazepines - - - - - -
Dexmedetomidine - - - - or = =

+ slight increase, + + increase, + + + marked increase, = 
no change,  - slight decrease,  - - decrease,  - -  - marked 
decrease

Table 13.3  Effects of volatile agents respectively on 
CBF, CMRO2, AND ICP

CBF CMRO2 ICP

Sevoflurane - - or = or + - - or - - - + + or + 
or =

Desflurane - - or + + - - - + + or =
Isoflurane + + or = - - - + or + + 

or =
N2O + + + + + or = + + +
Xenon - - (gray) + + 

(white)
- - + + or =

+ slight increase, + + increase, + + + marked increase, = 
no change,  - slight decrease,  - - decrease,  - -  - marked 
decrease

A.M. Costa and F. Lobo
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13.4.1	 �The Compartment Model

Pharmacokinetic models describe a drug’s behav-
ior in the body. For most anesthetic drugs, a two 
or three compartment model can describe it with 
great accuracy (Fig. 13.1).

In the three compartment model, as shown 
above, after the drug is injected into the central 
compartment (V1), it will have rapid distribution 
to the second compartment (V2), slow distribution 
to the third compartment (V3), and also 
redistribution between them. The intercompart-
mental time constants (K12, K21, K23, K32) describe 
the proportion of the drug that is undergoing each 
one of these processes during a unit of time 
(min−1 or h−1). Drug elimination by metabolism 
from the central compartment corresponds to the 
constant K10.

It is important to notice that these volumes 
have no real anatomical correlation. They are the-

oretical volumes that can be remotely thought as 
the blood volume (V1), a “vessel rich” compart-
ment (V2) and a “vessel poor” compartment (V3).

In each model, the size of the volumes of dis-
tribution reflects the solubility of the drug in that 
specific compartment. The more the drug is solu-
ble, the higher is the volume.

For pharmacokinetic/pharmacodynamic mod-
eling, an effect-site compartment can be added. 
Due to its negligible volume, the rate constants 
for movement in and out of this compartment are 
the same (K1e = Keo).

In the past decades, pharmacokinetic models 
have been developed and improved, allowing bet-
ter understanding of the behavior of different 
drugs and making possible the adjustment to the 
individual kinetics. These models are the result of 
arterial or venous sampling with measurement of 
blood concentration of a drug, after a bolus or 
infusion, in well-defined populations, using sta-

Drug Administration

V2 V1

K12

CLEARENCE 2 CLEARENCE 3

CLEARENCE 1V1 Central Compartment,
V2Rapidly  Equilibrating
Compartment,
V3Slow Equilibrating
Compartment,
K rate constants

Effect-Site

K21

K10 K1e

K13

K31

V3

Ve

Keo

Fig. 13.1  Three compartment pharmacokinetic model with an effect-site compartment
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tistical analysis. By knowing the rate constants 
for each drug, it is possible to predict the concen-
tration in different compartments after a bolus 
injection of the drug.

TCI systems incorporate this information and, 
based on individual parameters, allow to predict 
plasmatic and/or effect-site concentrations 
(Cp/Ce) controlling drug administration by the 
infusion pump.

13.4.2	 �Pharmacokinetic Concepts

Volume of Distribution (Vd) is the volume in 
which the drug is distributed and its value 
depends on the time of calculation. Time zero 
relates to V1 and at steady state is the sum of V1, 
V2 and V3. Generally, it can be calculated know-
ing the dose present in the body (D) and its 
plasma concentration (C):

	 V D Cd = / 	 (13.1)

Although it reflects the distribution of a drug 
in the body, Vd can exceed the anatomical body 
volume several times. For e.g., if a drug accumu-
lates in tissues, it will have a low plasma concen-
tration and a consequently high Vd. Drugs with a 
small Vd are those mainly confined to the intra-
vascular fluid.

This concept allows calculation of the loading 
dose that the TCI system will deliver to achieve 
the desired target concentration (Ce or Cp), 
according to the calculated Vd:

	 Loading Dose d= ×C V 	 (13.2)

If another bolus is required to increase the tar-
get concentration,

	
New Cf Ci VLoading Dose d= -( ) × ;

	(13.3)

Cf – final concentration, Ci – initial 
concentration.

Clearance (Cl) describes the volume in which 
the drug is eliminated during a unit of time (mL/
min or mL/hr). This particular setting also 
describes the drug movement between compart-
ments. It can be calculated as:

	 Clearance d= ×K Vel ; 	 (13.4)

Kel – elimination rate constant.
The maintenance infusion rate of TCI systems 

will compensate the clearance of the drug excit-
ing the body. It is defined as the concentration at 
steady state multiplied by the clearance value 
(Cl).

	

Maintenance infusion rate
steady stateat C Clss- = × 	

(13.5)

These two concepts can explain the basis of 
TCI systems, though there are other concepts 
regarding pharmacokinetics of infusions that 
assume big importance in this clinical setting.

Half Life (t1/2) is the time taken for the concen-
tration of a drug to drop by half its value. 
However, since most drugs are distributed in 
more than one compartment and clearance from 
each one occurs at different rates, the drug will 
have more than one t1/2. The actual t1/2 of a drug is 
the sum of the individual half-lives.

For this reason, it is preferable to use the context-
sensitive half-time. This is the time required for a 
drug’s blood concentration to decrease to 50% its 
previous value after stopping an infusion of a given 
duration. Decremental time is a similar concept 
that defines the time required for blood concentra-
tion to decrease to a desired percentage.

Both concepts are useful predictors of drug 
concentration decline after an infusion is stopped. 
TCI systems provide a calculation of the time 
needed for the measured concentration to 
decrease to a definable concentration at which 
recovery is expected.

13.4.3	 �Pharmacodynamic Concepts

The brain is the site where anesthetic drugs exert 
their clinical effect, which defines it as the effect 
site. For this reason it becomes obvious that the 
main effect is delayed as well as the drug concen-
tration at the effect site when compared to the 
plasma peak concentration. Hysteresis represents 
this time delay between plasma compartment and 
effect-site compartment. Mathematically, the 
time taken for blood–effect-site equilibration is 
described by the rate constant Ke0 which is differ-
ent for different drugs.
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Time to peak effect (TTPE) is the time delay 
between a bolus and maximum effect-site con-
centration and is independent of size of bolus 
(Fig. 13.2).

T1/2 Ke0 is the time taken for the drug concen-
tration in the effect site to reach half of the con-
centration in the blood and can be clinically more 
useful than Ke0. Knowing the Ke0 and TTPE 
makes it possible to “target” the effect-site 
concentration.

13.4.4	 �Target-Controlled Infusion

A target-controlled infusion is an infusion con-
trolled as fast and safe as possible in order to achieve 
and maintain a defined concentration of a drug in a 
site of interest as well as the wanted clinical effect.

In clinical practice, the anesthesiologist pro-
grams the TCI set-up using the computer interface. 
First, sets the patient data and then defines the tar-
get concentration, plasmatic or in the effect site 
(Cp/Ce), based on the desired effect and adjusted to 
the patient’s clinical response. The computer sys-
tem with its mathematical algorithm calculates the 
specific parameters for each patient, as Vd and Cl. 
Accordingly, the infusion pump delivers the bolus 
dosage and the infusion rates required to achieve 
and maintain the desired target concentration at 
steady state. Continuous automatic calculations 
are made to adjust the infusion rate to the distribu-
tion and elimination of the drug. To compensate 
these processes, the software calculates three 
superimposed infusion rates decreasing gradually. 
Target concentrations should be continuously 
titrated and adjusted to the clinical response.

A TCI system (Fig. 13.3) is composed of a 
computer, a user interface, and an infusion device. 
The interface allows the data input according to 
the pharmacokinetic model incorporated and 
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Fig. 13.2  Graphic representation of time to peak effect 
for a bolus dose of a drug: corresponds to the point where 
the blood and effect-site concentration curves cross

COMPUTER

Pump Control

Pharmacokinetic
Algorithm

Infusion Device

Anesthesiologist

Patient

ml/hr

Reported infusion rate

ng/ml

Predicted Ce/Cp

Ce/Cp
Loading Dose

Infusion Rate

Assessment of patient response

Fig. 13.3  Components of a TCI System
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gives numeric and/or graphic information. The 
computer controls the interface, implements the 
pharmacokinetic models, controls the infusion 
device and implements warning systems.

It is important to keep in mind that when using 
a TCI system, although the user can manage the 
target concentration, no real concentrations are 
measured during the infusion and that is why 
they are called “open-loop” systems.

13.4.4.1	 �TCI Versus Manual 
Perfusions

When using a manually controlled infusion, by 
administering drugs at a fixed rate, it will take a 
long time to reach steady state, approximately, 
four to five half-lives, until the drug equilibrates 
throughout all the tissues in the body. For this 
reason, the blood concentrations will change very 
slowly and changes in the infusion rate will not 
lead to significant changes in plasmatic or effect-
site concentration for some time. Also, clinical 
effect will take too long (Fig. 13.4).

That’s why a system of bolus dosing and vari-
able infusion rates is more suitable and effective 
to better control drug concentration and achieve 
the desired effect.

However, if a bolus is given and perfusion is 
controlled randomly by the operator, these doses 

will be difficult to calculate and to adjust for a 
rapid and safe control of the target concentra-
tions, potentiating adverse or undesirable effects.

13.4.4.2	 �Propofol Blood-Targeted TCI
In TCI systems, after setting the desired target 
concentration, the infusion device will deliver a 
bolus to quickly fill the central compartment (V1) 
with gradual increase in blood concentration. 
When the system calculates that the targeted 
blood concentration has been reached, it stops 
and then starts an infusion at a lower rate. When 
the operator decreases the target concentration, 
the system switches off the infusion and starts 
only when the predicted concentration has 
reached the target concentration, at a lower rate 
(Fig. 13.5). If a bolus is delivered to achieve a 
higher concentration, the system will then adjust 
the infusion rate to achieve and maintain a new 
steady-state concentration.

13.4.4.3	 �Propofol Effect-Site 
Targeted TCI

When choosing effect-site concentration for TCI, 
the system manipulates the blood concentration 
to achieve the effect-site target as quickly as pos-
sible. Thus, a large bolus is delivered and a faster 
rise in effect-site concentration can be seen. After 

Plasmatic Concentration

Effect-Site Concentration

Infusion Rate

Fig. 13.4  Manually 
controlled infusion of 
propofol after an initial 
bolus
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the initial bolus, the infusion stops until the 
declining blood concentration reaches the 
increasing effect-site concentration. At that point, 
it restarts at a rate that maintains blood and effect-
site concentrations at the desired target concen-
tration. If the target concentration is decreased, 
the TCI will stop the infusion and effect-site con-
centration will fall due to the movement of pro-
pofol down its concentration gradient out of the 
effect-site. When the new effect-site concentra-
tion has been reached, a different infusion rate 
starts maintaining a new equilibrium. Thereafter, 
if a higher effect-site concentration is defined, the 
system will deliver another bolus followed by the 
appropriate infusion rate.

13.4.4.4	 �Propofol and Remifentanil 
TCI

Pharmacodynamic interactions are common and 
very important in clinical setting. Total intrave-
nous anesthesia combining the use of propofol 
with remifentanil shows a synergism meaning 
that lower concentrations of each drug are needed 
to achieve the desired effect [8]. As shown in 
Fig.  13.6, the target concentration of propofol 
required for maintenance of adequate anesthesia 
decreases with increasing concentrations of 
remifentanil.

This synergistic effect allows the combina-
tion of moderate doses resulting in optimal con-
centrations for anesthesia, easily titratable, with 
rapid awakening times [9]. Although it has a 
safety margin for side effects, some adverse 
effects also act synergistically, such as hypoten-
sion or apnea, and care must be taken to provide 
the optimal concentrations and avoid overdos-
ing (Fig. 13.7).

13.4.4.5	 �Setting the TCI Pump
For a better and safer practice of TIVA/TCI, some 
recommendations should be followed: (recomen-
dations) Always keep in mind, the paradigm shift 
of mL/h to ng/mL, while thinking in the individ-
ual kinetics and not in the population.

13.5	 �TIVA and Brain Surgery

In the particular case of neuroanesthesia, the 
main goals are related with the decrease in 
cerebral metabolism, maintaining autoregula-
tion (PaCO2 and MAP) and normal intracranial 
pressure, and also to provide optimal opera-
tive conditions with electro-neurophysiological 
monitoring and a rapid offset preserving cogni-
tive functions.

Plasmatic Concentration

Effect-Site Concentration

Infusion Rate

Tivatrainer X simulation

Fig. 13.5  Blood 
concentration targeted 
TCI for propofol
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Giving particular importance to situations 
with impaired cerebral autoregulation, e.g. TBI 
or space-occupying lesions, TIVA seems to be 
more suitable in those cases [10].

A recently published systematic review and meta-
analysis concluded that mean ICP values were lower 
and cerebral perfusion pressure (CPP) values were 
higher with propofol-maintained anesthesia [11].

Plasmatic Concentration

Effect-Site Concentration

Infusion Rate

Fig. 13.6  Effect-site 
concentration targeted 
TCI for propofol

Area of 90% to 50% probability of adequate
anesthesia
Line of 50% probability of wakening up

Plasmatic Concentration

Effect-Site Concentration

Infusion Rate

Fig. 13.7  Propofol and 
remifentanil TCI
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Beneficial effects of anesthetic drugs as neu-
roprotectants have been inconclusive [12], 
although a possible role of intravenous agents 
was recently appraised [13]. Very recently, sevo-
flurane and isoflurane were shown to induce 
structural changes in brain endothelial cells, 
increasing brain barrier permeability, leading to 
disturbed neuronal function [14].

A suggested approach is to use indirect evi-
dence of different outcomes in fragile brains after 
exposure to different anesthetic drugs with trans-
lational application to the fragile brain under 
surgery.

Anesthesia-induced developmental distur-
bances with long-term poor outcomes in young 
mammalian brain are under debate and research 
in the last decade with contradicting evidence 
[15–18] implicating volatile agents, nitrous 
oxide, ketamine and, in a less extent, propofol. 

However, a possible protective effect of propofol 
may be inferred after Jacob et al. [19] showed dif-
ferent cerebral metabolic signatures for sevoflu-
rane and propofol in children undergoing 
magnetic resonance imaging during sevoflurane- 
or propofol-based anesthesia, with higher levels 
of cerebral lactate and glucose in children under 
sevoflurane anesthesia and a strong and significa-
tive association between these metabolites and 
the occurrence of emergence delirium. Assuming 
that immediate cognitive disturbances after gen-
eral anesthesia like delirium or emergence agita-
tion are the result of changes in cerebral 
physiology, we cannot also forget that propofol 
significantly decreases the severity and incidence 
of emergence agitation and delirium in pediatric 
patients [20], supervening the idea that TIVA will 
supercede inhalational anesthesia [21].

Sevoflurane has also shown to be associated 
with negative postoperative behavioral changes 
in children undergoing adenotonsillectomy while 
the incidence and severity of cognitive changes 
were significantly lower when children had 
propofol-based anesthesia [22].

Also, in  vitro studies in animals show that 
inhalational anesthesia can lead to an increase in 
amyloid beta peptide deposition as in Alzheimer’s 
disease, which may be related to postoperative 
cognitive disorder (POCD) [4].

Whether these findings are significant we still 
don’t know but, at least, they trigger doubts about 
the cerebral health after exposure to volatile 
agents [23].

A very special case where TIVA–TCI is par-
ticularly useful is when an awake patient is 
required to improve neurosurgical outcome: 
resection of a tumor or an epileptic focus close to 
an eloquent area and functional neurosurgery for 
movement disorders are the paradigm of awake 
neurosurgery. [24–27]

Although several anesthetic techniques have 
been described, there is a trend toward the use of 
a asleep–awake–asleep or asleep–awake 
approach with TCI of propofol and remifentanil 
titrated by processed EEG monitors and scalp 
block, using a laryngeal mask and controlled 

•	 Programming the pump should be made 
by an anesthesiologist familiarized with 
the settings and differences of each 
pharmacokinetic model;

•	 Prepare an adequate intravenous 
system;

•	 Know the covariates (age, gender, 
weight, height and lean body mass), its 
limitations regarding the obese and the 
extremes of age and the concomitant 
variations of pharmacokinetics and 
pharmacodynamics;

•	 Check the loading doses, steady-state 
infusion rates and measured 
concentrations;

•	 Monitor the targeted effect, e.g., using 
monitors of processed EEG;

•	 Titrate the target concentration accord-
ing to your monitoring and surgical 
stimulation;

•	 Know the pharmacologic interactions 
between drugs used together during 
TIVA/TCI.
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ventilation during craniotomy or, more recently, 
dexmedetomidine [28–32].

Figure 13.8 shows an example of TCI of pro-
pofol and remifentanil for craniotomy with intra-
operative awakening for resection of a tumor 
close to Broca area.

13.6	 �TIVA and Spine Surgery

As mentioned before, anesthetic drugs used dur-
ing brain and spine surgery should allow electro-
neurophysiological monitoring, as 
electroencephalogram and evoked potentials. 
During spine surgery, evoked potentials allow to 
control the integrity of neural pathways. While 
volatile agents may decrease amplitude and pro-
long latency of somatosensory evoked potentials 
(SSEP) in a dose-dependent manner, propofol 
and other intravenous agents such as dexmedeto-
midine allow better preservation of evoked 
responses [33–39].

Propofol and intravenous anesthesia is also 
associated with a smoother emergence after spine 
surgery, with less coughing and hemodynamic 
response and reliable neuro-electrophysiological 
monitoring [10, 40, 41].
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Anesthetic Challenges in Pediatric 
Craniofacial Surgeries

Lucy Chan

14.1	 �General Problems 
in Children with Craniofacial 
Deformities

An understanding of anatomical and physiologi-
cal alterations arising from craniofacial deformi-
ties in children is essential in order to formulate a 
safe and sensible clinical strategy.

14.1.1	 �Pathophysiological 
Alterations

The craniofacial region consists of the skull, 
forehead, orbits, nose, jaw bones, and oral cavity. 
The major craniofacial deformities include cra-
niosynostosis and craniofacial clefts. Severe cra-
niofacial malformation, although rare, afflicts 
one child per 10,000 births and averages about 
one-fifth of all malformations. When defective 
ossification of the skull causes faulty develop-
ment of the skull base as well, three common 
clinical features may be encountered: craniosyn-
ostosis, midface hypoplasia, and exorbitism.

There are four major (metopic, sagittal, coro-
nal, lambdoid) and several minor sutures, and 
abnormal ossification can be single or multiple A 
child with nonsyndromic craniosynostosis has an 
abnormal cranial vault shape, such as “boat-
shaped” (scaphocephaly) from early fusion of sag-
ittal suture. There is greater brain injury with the 
presence of more premature closure of sutures, 
resulting in a spectrum of presentations according 
to the severity of anatomical and functional defects 
in each patient. A raised intracranial pressure may 
threaten survival and normal mental development 
may be impaired. Other natural physiological 
tasks such as sight, hearing, respiratory, and 
breathing through the nose may be compromised.

Syndromic craniosynostosis, also known as 
craniofacial dysostosis, has sutural defects along 
with systemic or body involvement, for example, 
associated abnormalities of the limbs, spine, and 
heart. Genetic mutation studies have evolved rap-
idly and are able to identify fibroblast growth fac-
tor receptor 2 (FGFR2) mutations in Cruzon, 
Apert, and Pfeiffer syndromes (Fig. 14.1a–c).

Major craniofacial clefts are complex condi-
tions. The array of cases ranges from extensive 
disfigurement reported in the medical literature 
to simple cleft lip and cleft palate. The etiology 
of craniofacial clefts is linked to abnormal 
development at the embryonic stage and there 
are various types depending on the site of ori-
gin. An example is Treacher Collins Syndrome 
(Fig. 14.1d) which consists of cleft palate, 
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Fig. 14.1  Photographs are courtesy of craniofacial team, 
University Malaya Medical Centre, Malaysia. (a) Cruzon 
syndrome: (i) At age 1 month, he presented with severe 
infection in right eye creating scarring of cornea. (ii) After 
several surgeries in the past, at age 2+ years he was 
assessed for frontal distraction with monobloc Le Fort III 
and closure of the incomplete cleft palate (which was suc-
cessfully carried out when he was 3 years old). (b) Apert 
syndrome. Notice the webbing of fingers (i) and toes (ii) 
(syndactyly). (c) Pfeiffer syndrome. This child had a pos-

terior vault expansion during infancy for raised ICP. At 
age 6 years, she has stable visual state with pale optic disc. 
Her ICP is at low to moderate and although there are some 
cosmetic issues, parents are able to accept at this stage. (d) 
Treacher Collins syndrome or mandibulofacial dysosto-
sis. A 1+-year-old female patient with abnormal facial 
features, namely, malformed ears, down-sloping eyes, 
macrostomia, micrognathia, and undeveloped zygoma. 
These characteristics may be visible with ultrasound 
examination during the antenatal period

a

b
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c d

Fig. 14.1  (continued)

absent or deformed ears, down-slanting eyes, 
underdeveloped or absent zygomatic bone, and 
a small jaw. There are physiological disruptions 
in the essential areas of airway and breathing, 
vision, speech, hearing, and swallowing.

14.1.2	 �Types of Surgical Corrections

In nonsyndromic deformities the optimal age for 
elective surgical vault remodeling is unclear. It 
has been advocated that surgery be carried out as 
early as possible, taking into consideration the 
extent of surgery and the expected blood loss. 
By 12 weeks of age, surgery is possible for clo-
sure of one to two sutures that have caused mal-
formed skull appearance or a raised ICP. If the 
infant has severe protrusion of the eyes, tarsor-
rhaphy is recommended to sew the eyelids par-
tially together to prevent keratitis or blindness. 
In a syndrome causing craniosynostosis, early 
screening is undertaken by a multidisciplinary 
team so that the comprehensive cooperative 

effort ensures optimum management in the plan-
ning stage, particularly when a staged surgical 
approach is necessary.

There are a variety of surgical techniques, but 
meticulous planning is undertaken to choose the 
treatment that offers the best benefits and the 
least harm. Surgical procedures range from sin-
gle suture correction and fronto-orbital remodel-
ing to extensive operative techniques such as, 
monobloc/frontofacial advancement which is 
considered as early as 4  years of age. Some 
patients require several craniotomies and phased 
distractive strategies with the available tools of 
modern technology for better correction.

To illustrate the complexity of pediatric cra-
niofacial pathology and surgeries required, an 
example is given here. Cruzon Syndrome is the 
most frequent medical condition in syndromic 
craniosynostosis and is an autosomal dominant 
genetic disorder. Apart from significant prema-
ture suture closure, the list of systemic involve-
ment includes maxillary hypoplasia, exorbitism, 
hearing loss (55%), C2C3 spinal fusion (30%), 
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and nasal airway obstruction due to midface 
hypoplasia and a high-arched palate. Figure 
14.1a is a picture of a child with Cruzon 
Syndrome who was examined at 2+ years of age. 
He had congenital hydrocephalus, sleep apnea, 
proptosis of the eyes, bilateral hearing loss, and 
global developmental delay. Past surgeries 
included VP shunts from 4 months of age, fronto-
orbital advancement surgery at 5  months and 
adenoidectomy at 2  years. Monobloc Le Fort 
Type III and distraction osteogenesis via a coro-
nal flap (intracranial approach) were planned for 
further correction.

14.1.3	 �Multidisciplinary Approach

Significant improvement in outcome with low-
ered morbidity and mortality is achieved with a 
unique dedicated team approach to discuss new 
cases and review children that have undergone 
craniofacial surgeries. Decision making is often 
not straightforward and clinical input from many 
professionals ensures that planning and imple-
mentation are smooth processes. Every referral 
of a child with craniofacial abnormality is evalu-
ated and investigated by a group of subspecial-
ists: pediatrician, otolaryngologist, neurosurgeon, 
maxillofacial surgeon, anesthetist, intensivist, 
plastic surgeon, geneticist, ophthalmologist, 
speech therapist, and psychologist.

14.2	 �Preparation for Surgery 
and Anesthesia

A holistic approach towards management of chil-
dren selected for major craniofacial surgery 
includes early optimization and appropriate 
reviews in the perioperative period. This exercise 
is certainly the best step to address modifiable 
risks to reduce morbidity and mortality.

14.2.1	 �Planning and Optimization

Timing for major surgery depends substantially 
on the child who has to withstand the stress of 

prolonged surgery. Factors for consideration 
include weight, maturity, and severity of blood 
loss. Optimization of the child can be considered 
the most important step for a good and safe out-
come and reduces the number of “unexpected” 
challenges for surgery. Every clinician involved 
has a specific role to play and communication 
among the members contributes to a sound strat-
egy to care for the child in the perioperative 
period. The parents are involved too. Proper 
feeding methods and adequate nutrition are dis-
cussed with parents so that proper weight gain is 
achieved.

Pertinent to the anesthetist’s role is emphasis 
directed at the preparatory stage regarding air-
way and breathing. A common phenomenon in 
childhood is upper respiratory tract infections 
(URTI). The etiology is usually viral in nature 
but the presence of recurrent episodes of URTI 
is a cause for concern. Repeated lung infections 
may be due to frequent aspirations from gastro-
esophageal reflux, esophageal dysmotility or 
incoordinate swallowing. Meticulous attention 
by the multidisciplinary team to obtain the right 
diagnosis assures appropriate perioperative care 
to prevent respiratory morbidity in the postop-
erative period, such as pneumonia and pro-
longed intubation.

Other significant respiratory signs and symp-
toms are obstructed breathing, stridorous breath-
ing, snoring, or sleep apnea. Craniofacial 
abnormality, especially with orofacial cleft, is a 
significant risk factor for obstructive sleep apnea 
(OSA) [1] and justifies adequate investigation 
and planning prior to major surgery. Sleep stud-
ies are beneficial to identify and grade the sever-
ity of the apneic episodes. Upper and lower 
airway obstruction reduces survival if untreated 
because it causes hypoxia, failure to thrive, 
aspiration, pulmonary hypertension, and cor 
pulmonale.

A full neurological and skeletal assessment 
is performed by neurologists and surgical doc-
tors in advance of the surgical date. Three-
dimensional reconstruction of the skull and 
bony features of the face or computer-generated 
models are useful aids in planning osteotomies 
as well as to enable nonsurgical clinicians to 
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understand the rationale and advantages of sur-
gical intervention.

14.2.2	 �Address Family Concerns

Adequate counseling of family members creates 
a conducive environment surrounding the child. 
Parents who are worried and fearful can affect the 
patient’s well-being. The risks and benefits have 
to be discussed in a language that parents under-
stand. The family of the child are able to trust an 
anesthetist who has patience and the ability to 
allay the fears and uncertainties regarding the 
surgery The perioperative management and 
complications arising during and after surgery 
are explained and informed consent taken.

14.3	 �Preoperative Anesthetic 
Evaluation

A sound anesthetic plan for perioperative strategy 
is based on history, physical examination, and 
investigations. A detailed family history of medi-
cal conditions is essential followed by a thorough 
history and physical examination of the child. 
Documents regarding important screenings from 
various disciplines that have been performed at 
prior evaluations should be available in the 
patient’s folder. Syndromic children should have a 
full medical check to identify the systemic 
involvement, such as cardiac, renal, or Chiari mal-
formation. The level of difficulty in anesthetic 
care greatly depends on the age, weight, type of 
syndrome diagnosed, and duration of surgery.

Preoperative evaluation is mandatory to con-
solidate a plan regarding anesthetic technique, 
surgical needs, back-up options, and postopera-
tive care for each child.

14.3.1	 �Detailed History

A detailed history establishes a clear background 
of the pathophysiological changes that the child 
has experienced from birth. Developmental mile-
stones, previous surgeries, medications, and aller-

gies are noted. Seizures, respiratory disturbances, 
sleeping and feeding details, and mental perturba-
tions are necessary information to document. Any 
recent complaint by the parents is seriously 
attended to. A careful history may elicit chronic 
respiratory distress for which the ENT specialist 
would have started treatment before surgery.

14.3.2	 �Physical Examination

A full general examination is conducted with 
special focus on neurodevelopment, nutritional 
status, detailed airway examination, vascular 
access and other congenital medical conditions. 
A skeletal system assessment includes an oral 
examination, temporomandibular joints, 
mandible, and maxilla. Heart and lungs are aus-
cultated to detect murmurs and altered breath 
sounds. A syndromic child necessitates further 
evaluation of the relevant system involved.

14.3.3	 �Airway and Breathing System

A thorough respiratory assessment of the chest, 
lungs, oropharynx, nose, and breathing system is 
essential. Respiratory disorders are common in 
syndromic and nonsyndromic craniosynostosis. 
The presence of choanal atresia may have resulted 
in stenting or corrective procedure prior to major 
surgery.

Airway management is difficult in midface 
hypoplasia and obligates examination to ascer-
tain the severity of compromise from potential 
loss of lower and upper airway patency and plan 
for safe control during general anesthesia. 
Attention is crucial in children with skeletal dis-
orders, particularly at the craniocervical region 
which poses high risks for breathing and intuba-
tion difficulty.

14.3.4	 �Central Nervous System

Records regarding the specific neurologi-
cal examination and relevant investigations 
are perused. Neurological examination by the 
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anesthetist includes assessment of mental sta-
tus, sensory perceptions, muscle power and 
tone. Cranial nerve palsies are noted and the 
spine is carefully examined for deformities. 
The presence of ventriculo-peritoneal shunts to 
relieve raised intracranial pressure should not 
be obstructed.

Drugs that are prescribed are reviewed and 
anticonvulsants are continued to the morning of 
surgery.

14.3.5	 �Cardiovascular Disorders

A congenital heart disease is more common in 
syndromic conditions than asyndromic and 
timely referral to the cardiologist for diagnosis 
and optimization is warranted. OSA can result in 
repeated episodes of URTI which predisposes to 
development of pulmonary hypertension or cor 
pulmonale for which antibiotic prophylaxis is 
considered.

14.3.6	 �Hematologic Disorders

A child for major craniofacial surgery is identi-
fied as high risk for significant hemorrhage, 
and careful patient selection is necessary. 
Blood transfusion is inevitable and the risks of 
homologous blood transfusion are many, espe-
cially with massive blood transfusion (MBT) 
where complications are more serious and dan-
gerous [2]. Protocols for MBT are less exten-
sively researched in pediatric population 
compared to adults but useful suggestions are 
available [3, 4].

Adjuvant therapy has been described for the 
reduction of homologous blood transfusion dur-
ing surgery [5]. The following options may be 
considered at the preoperative stage:

•	 Iron supplements and erythropoietin injec-
tions started 3 weeks prior to elective cranio-
facial surgery

•	 Top-up of RBS 1–2 days earlier in the ward to 
target hemoglobin 13–14 g/dL

In readiness for major surgery, at least one cir-
culation of blood products is available on the day 
of operation.

14.3.7	 �Gastrointestinal Disorders

Pediatric growth charts are useful tools that 
contribute to an overall clinical impression of 
the child’s development. A well-nourished 
infant has a normal digestive system, adequate 
central nervous system function, and musculo-
skeletal strength in order to synchronize effi-
cient sucking, feeding, and swallowing 
processes. If a part of the physiological inte-
gration is deficient, this can progress to poor 
growth and development, malnutrition, and 
pulmonary aspiration.

A diagnosis of gastroesophageal reflux dis-
ease (GERD) in infants and children is often dif-
ficult but is necessary to confirm. Pharmacological 
treatment is initially with proton-pump inhibi-
tors. GERD can cause recurrent episodes of aspi-
ration and lung infections and it has been linked 
to OSA.

14.3.8	 �Investigations

A full blood count is necessary. A hematocrit 
above 30% is considered acceptable by the 
author’s craniofacial team although this figure 
may vary according to the age of patient, duration 
of surgery, and expected blood loss. Surgery can 
only proceed when a normal coagulation profile 
is assured. Renal function and serum electrolytes 
are obtained in view of expected long surgery and 
large transfusions of fluids. Liver function data 
and serum albumin may be relevant in poor 
weight gain children.

A chest X-ray is the simplest film record to 
identify a normal heart shadow and lung fields. 
CT scan is also commonly taken and, if applica-
ble, an MRI. X-rays of the cervical or entire spine 
may be necessary.

Interpretations of the 12-lead ECG and ECHO 
findings are best confirmed by the cardiologist.
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14.3.9	 �Premedication

The majority of children are uncooperative, rest-
less from fasting, and fearful in a strange environ-
ment surrounded by staff in uniform, especially 
syndromic children who may be mentally chal-
lenged. Children are fasted appropriately depend-
ing on age (4–6 h) and often receive intravenous 
fluids to replace fasting losses while in the ward.

Administration of sedation is individualized 
taking into consideration the risk of respiratory 
depression in children with airway compromise. In 
the absence of contraindications, oral midazolam 
0.5 mg/kg (maximum 20 mg) for an anxious child 
is safe. From an age of 6 months and above, paren-
tal presence in the operation theatre may be a better 
sedative and helps the child to achieve a smoother 
separation from the parent and assists the anesthe-
tist to perform a quiet induction.

14.4	 �Intraoperative Challenges

There is no optimal anesthetic technique in this 
category children. The anesthetic management is 
individualized and dependent on patient’s status 
and surgical demands. A balanced anesthetic 
technique is frequently able to achieve and main-
tain the intraoperative needs of children for major 
surgery. In the presence of increased danger from 
elevated ICP, the conduct of anesthesia favors the 
recommendations for neuroanesthetic manage-
ment of any intracranial lesion.

14.4.1	 �Intubation

Syndromic craniofacial abnormalities, particu-
larly in children with midface hypoplasia that is 
present in Apert, Cruzon, and Pfeiffer syn-
dromes, are associated with difficult airways. It 
is possible that an airway that is assessed as “no 
airway compromise” may prove to be unex-
pectedly demanding or unmanageable at laryn-
goscopy and intubation. Hence, it is prudent to 
assume that the airway is a suspicious difficult 
airway until intubation is completed. The diffi-

cult intubation cart should always be available 
with a variety of oral and nasopharyngeal air-
ways, face masks, laryngoscopes, and supra-
glottic airway devices. Further aids to intubation 
include video larynscopes and fiberoptic bron-
choscope. However, devices for difficult airway 
management in very small infants are limited.

During the process of induction and intuba-
tion, glycopyrrolate is beneficial, particularly in 
reactive airways that are at risk of bronchospasm 
and laryngospasm. The intraoperative antisiala-
gogue dose is 0.004 mg/kg intravenously (not 
exceeding 0.1 mg). A satisfactory and adequate 
facemask to enable a snug fit can be diffi-
cult. Careful head and neck manipulations are 
needed during induction and intubation to avoid 
excessive movements in atlantoaxial instability.

Muscle relaxants are best avoided for intuba-
tion and can only be administered when the posi-
tion of the endotracheal tube is confirmed from 
capnograhy and lung auscultation. The endotra-
cheal tube has to be safely tied down in view of 
a long surgery or prone position. Packing of the 
oral pharynx stabilizes the tube and avoids lung 
contamination from oral bleeding or CSF trickle.

14.4.2	 �Vascular Access

It is often time-consuming to obtain venous 
access in smaller infants and large bore catheters, 
at least two, are inserted before surgery begins. 
All major craniofacial cases require a central 
venous line (trilumen or bilumen). The insertion 
of central lines with ultrasonography is safe in 
expert hands. Intravenous lines are arranged to 
ensure free flow and easy access under the drapes. 
If they are connected to mechanical intravenous 
pumps, regular inspection of intravenous sites 
allows early detection of extravasation.

14.4.3	 �Monitoring

Respiratory and cardiovascular systems are 
monitored closely. Monitoring of cardiovascu-
lar stability is imperative in craniofacial surgery 
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because of frequent large infusions of fluid and 
blood and from the potential dangers of meta-
bolic acidosis, hypotension, and coagulopathy. 
Electrocardiogram, pulse oximetry, and tem-
perature probes (core and skin) are properly 
connected to the patient. Invasive monitoring 
includes cannulation of the artery and the jugu-
lar or femoral vein. From the arterial line, infor-
mation on hemodynamic status, acid–base and 
electrolytes, and laboratory data are obtained. 
The central venous line helps to monitor vol-
ume status, treat air embolism, and administer 
inotropes, when indicated. The long surgery 
requires bladder drainage and the urine output 
aids in evaluation of fluid balance. A useful 
item is a precordial stethoscope which permits 
frequent auscultation of breath and heart 
sounds.

14.4.4	 �Positioning

Improper protection of pressure points can result 
in ischemic injury and pressure ulcers following 
a long surgery. Soft padding material and bolsters 
aid in weight distribution and adjustment for the 
abdomen, thorax, and head in the prone and lat-
eral positions. The neck is not unduly stretched to 
enable unimpeded circulation to and from the 
head. Limbs are positioned without stretching 
with support for the knees and ankles. The endo-
tracheal tube is securely tied down and its posi-
tion is further verified by any change in position 
of the patient.

14.4.5	 �Intracranial Pressure

In the majority of surgical cranial vault remodel-
ing, dissection and osteotomies are achieved sur-
gically via an extradural approach. The basic 
principles of neuroanesthesia are often applied to 
minimize pressure on the brain and to prevent 
further rise in ICP. Bradycardia may be a signal 
of undue pressure on the brain or manipulations 
on the eyeballs. Attention to fluid status is neces-

sary if the surgeon requests an infusion of man-
nitol to shrink the brain.

14.4.6	 �Fluid Balance and Metabolic 
Changes

Fluid management is important and strategized 
toward provision for deficit, maintenance, losses 
into interstitial spaces, and blood loss. 
Replacement of interstitial fluids or third space 
losses may require more than 6  ml/kg/hour of 
isotonic crystalloids. Ringer’s lactate (RL) has 
been shown to have an advantage over normal 
saline due to the former’s lower risk for meta-
bolic acidosis, and it has been reported that hypo-
natremia is also unlikely [6]. Other fluids for 
children include 5% albumin and blood products. 
Large administration of fluids can lead to dilu-
tional coagulopathy, hypothermia, and acidosis. 
This triad of signs has proven to be serious and 
dangerous in adult trauma patients [4].

Following each bolus of fluid, an evaluation of 
the response is necessary before the next bolus is 
administered. Base deficit and lactate levels are 
regularly measured to detect metabolic changes that 
occur. It is not unusual to observe at least one epi-
sode of metabolic derangement the longer the sur-
gery. Significant changes in base deficit have been 
linked to the amount of intraoperative blood loss 
and replacement. The metabolic derangement can 
persist into the postoperative period which results in 
a longer stay in intensive care unit (ICU) [7].

Inadequate or slow correction of massive fluid 
shift during surgery will inevitably cause delete-
rious electrolyte changes. It is reported that the 
combination of hypocalcaemia and hypothermia 
is harmful and can induce coagulopathy. 
Significant risk develops when temperature is 
<34°C and ionized calcium <0.9 mmol/L [8].

Management of fluids is closely guided by 
base excess, lactate level, and hourly arterial 
blood gas measurement. Other parameters to aid 
in cardiovascular stability and normovolemia are 
urine output (>1 ml/kg/hour), heart rate, arterial 
blood pressure and capillary return (<2 s).
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14.4.7	 �Hemorrhage and Blood 
Transfusion

The blood volume in pediatric group varies with age 
and the commonly accepted values are: 100 ml/kg 
for preterm neonate, 90 ml/kg for mature neonates, 
80 ml/kg for infants and older children. Estimation 
of blood loss is difficult and depends greatly on the 
extent of corrective procedures, number of sutures 
involved, and duration of surgery. It is not uncom-
mon that a blood transfusion is necessary for cra-
niofacial surgery, therefore stressing the necessity to 
plan carefully for optimal hemostasis.

There are several therapeutic choices to miti-
gate the complications of homologous blood 
transfusion in the perioperative period [5]:

•	 It is practical to accept a lower hematocrit, 
21–25% during operation.

•	 Tranexamic acid, an antifibrinolytic, is benefi-
cial for the reduction of blood loss and blood 
transfusion. Benefits are reported with the 
intravenous bolus of 50  mg/kg at induction 
followed by 5 mg/kg/h [9].

•	 The use of cell saver is also practiced.
•	 Other clinical therapies include local hemo-

statics and bone wax. The surgeon contributes 
significantly by his meticulous surgical work.

The major cause of morbidity is excessive hem-
orrhage that can result in cardiac arrest and hypoxic 
brain damage. Vigilance is a prerequisite. Scalp 
dissection incurs a fair amount of heavy bleeding, 
to the extent that 30% of the blood volume can be 
lost. Profound and acute bleeding is common with 
damaged venous sinuses. Osteotomies and eleva-
tion of the periosteum are significant sources of 
vascular interruption and blood loss.

Massive blood loss results in massive blood 
transfusion (MBT). MBT has several meanings: 
transfusion of >50% total blood volume in 3 h or 
>100% total blood volume administered in 24 h 
or transfusion to replace ongoing blood loss of 
>10% total blood volume in a minute. In an older 
child, the transfusion of >10  units PRBC in 
24 hours is regarded as MBT.

The management of MBT requires urgent 
and diligent monitoring and evaluation. There is 
uncertainty regarding MBT guidelines as proto-
cols in children are not as greatly researched as 
compared to adults and they vary from hospital 
to hospital, depending on existing resources. 
The transfusion service department holds a piv-
otal role for swift supply of blood products, par-
ticularly PRBC and FFP. For instance, a mean 
PRBC:FFP of 1:3 was observed in a study on 
pediatric MBT [3]. Other products to consider 
are platelets and clotting factor concentrates 
such as fibrinogen, prothrombin complex con-
centrate, recombinant factor VIIa (rFVIIa), and 
factor XIII.

Perioperative bleeding has to be communi-
cated between surgeon and anesthetist and 
urgently addressed to reduce complications such 
as coagulopathies, venous air embolism, transfu-
sion reactions, and acute lung injury. Severe mor-
bidity and death may finally ensue from inadequate 
attention, monitoring, and intervention.

The availability of rapid laboratory data to 
assess hemostatic status is quite unlikely but they 
provide a necessary overview of the coagulation 
status over time.

14.4.8	 �Venous Air Embolism

In pediatric craniofacial corrections, venous air 
embolism (VAE) is a rare phenomenon but it can 
cause cardiac arrest. The venous channels are not 
collapsible during dissection and pose a risk, 
especially in a head-up position, but it can occur 
in any position of the patient. Tools for detection 
of VAE include capnogram of end-tidal CO2, 
stethoscope, ECG, blood pressure, CVP, pulmo-
nary artery pressure, cardiac output, precordial 
Doppler, and transesophageal echocardiogram 
(TEE). The most sensitive modality is the TEE 
but it may not be easily available. Paradoxical air 
embolism can occur with a preexisting patent 
foramen ovale.

When VAE is detected, the surgeon is immedi-
ately informed. Prompt actions include flooding 
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the surgical field with saline, compression of jug-
ular veins, adjusting level of head and supporting 
the hemodynamics with fluids and inotropic 
drugs. Aspiration of air emboli via the jugular 
central venous catheter is recommended.

14.4.9	 �Hypothermia

A common occurrence in pediatric surgery is 
inadvertent hypothermia, defined as a core tem-
perature <36°C. Prolonged surgery and extensive 
operative field exposure with massive fluid shifts 
during surgery lead to significant heat loss. 
Moreover, smaller infants have less well-
developed thermoregulatory mechanism. There is 
also greater radiant heat loss and hence, whenever 
possible, temperature in the operation theatre is 
adjusted at 23°C or even higher for neonates; but 
high temperatures for long hours may produce an 
uncomfortable working environment for surgeons 
and all personnel. A radiant heater is needed at 
induction and insertion of lines before surgery 
begins. Apart from avoiding a cold OT environ-
ment, the anesthetist ensures that there is humidi-
fication of the breathing systems and availability 
of warm fluids.

Maintaining normothermia during surgery is 
by active or passive skin warmers. Passive warm-
ing by blankets, drapes or plastic sheets on sur-
face body area contributes to reduction of heat 
loss by about 30%. The most frequently used 
device for active warming utilizes forced warm 
air to circulate around the child but correct place-
ment of the disposable blanket is necessary to 
avoid burns. It is able to increase heat in the body 
as much as 0.75 °C per hour.

14.5	 �Postoperative Complications

An experienced craniofacial team contributes 
significantly to a reduced rate of morbidity and 
death in the postoperative period. Multiple fac-
tors contribute to problems after surgery depend-
ing on the age of child, blood loss, duration of 
surgery, and the syndromic complexity. In a 
cohort of 49 children who experienced 57 con-

secutive craniofacial surgeries, a mortality rate of 
1.8% with a 7% incidence of major complica-
tions has been reported [10].

14.5.1	 �High-Risk Airway

A decision for extubation at the end of surgery 
rests on several criteria. The implication of a 
high-risk airway necessitates a comprehensive 
examination of the respiratory and breathing sys-
tem with respect to whether there is airway 
edema and recovery of protective reflexes. Other 
important features to assess prior to extubation 
are level of consciousness, core temperature, 
hemodynamic stability, and ongoing blood loss. 
Following extubation, an overnight stay in the 
ICU or high dependency unit is safer than dis-
charge to a general ward. Continued monitoring 
of hemodynamics and respiratory parameters in a 
child is optimally managed in the ICU.

In prolonged extensive surgery, early extubation 
is planned in the first (or second) day. The high-risk 
airway in syndromic children may require a 
delayed extubation and a longer stay in ICU.

In the ICU, intubated children encounter prob-
lems associated with tracheal tube patency and 
airway obstruction. Regular suctioning prevents 
atelectasis of alveoli and mucous plugs in the 
endotracheal tube. Hypoxia and hypercarbia need 
adjustments on ventilator settings. Relevant to 
the compromised airway, a reason for sedation is 
to prevent accidental self-extubation of a restless 
child. A common sedative is midazolam and its 
minimum effective dose is 200 mcg/kg and for 
maintenance, 1–10  mcg/kg/min. Other pharma-
cological drugs that are prescribed for sedation 
are lorazepam, chloral hydrate, propofol, cloni-
dine, and ketamine.

14.5.2	 �Pain Control

Analgo-sedation has a vital supportive role in 
morbidity reduction, such as agitation, hypergly-
cemia, and poor wound healing. Osteotomies and 
large areas of tissue dissection that are performed 
during surgery expose the child to intense pain.  
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A multimodal pain control strategy is recom-
mended with the use of centrally and peripherally 
acting drugs. Paracetamol (suppositories or par-
enteral) and a continuous infusion of morphine or 
fentanyl are widely practiced.

14.5.3	 �Fluids, Electrolytes, 
Hematocrit Changes

Blood loss may continue after surgery in the 
ICU.  It has been reported that maintenance of 
hematocrit >30% at the end of surgery was asso-
ciated with a 50% decrease in the absolute risk of 
receiving a PRBC transfusion postoperatively 
[11]. Monitoring of fluid status continues closely 
in the postoperative period. An important 
derangement in electrolyte balance is hyponatre-
mia and requires further laboratory investigations 
for a clear diagnosis to exclude conditions such 
as syndrome of inappropriate antidiuretic hor-
mone or cerebral salt wasting [12]. Maintenance 
solution is 5% dextrose ½% normal saline with 
the addition of KCl (with diuresis).

14.5.4	 �Nausea and Vomiting

Children are at risk of postoperative nausea and 
vomiting (PONV) after prolonged surgery. An 
average risk of 40% is expected in children older 
than 3  years of age. Current evidence suggests 
that the best prophylaxis against PONV in chil-
dren is 5HT3 antagonist and dexamethasone. A 
recommended combination of intravenous 
ondansetron (50  mcg/kg) and dexamethasone 
(150  mcg/kg) has better efficacy than a single 
antiemetic agent. The 2014 guidelines have no 
recommendations on rescue antiemetics for a 
child who has already received dexamethasone 
and ondansetron [13].

14.5.5	 �Surgical Complications

When symptoms and signs of cerebral edema or 
intracranial bleed occur, urgent CT scans are 
needed. Infection is the commonest complication 

in the postoperative period. Appropriate antibi-
otic prevents infections that can lead to osteitis 
and meningitis. Other frequent problems that can 
arise after surgery are visual disturbances and 
persistent CSF leak.

�Conclusion

Children with craniofacial abnormalities 
present with a range of cranial and facial 
deformities together with complications in 
the natural processes of sight, hearing, feed-
ing, breathing, and mental development. 
Syndromic and nonsyndromic children 
require thorough screening and optimization 
prior to surgery. The challenging field of 
pediatric craniofacial subspecialty receives 
expertise from colleagues who work together 
for better and safer outcomes. The anesthetist 
equipped with sound knowledge and skills 
has a crucial role in the perioperative care.

References

	 1.	Lam DJ, Jensen CC, Mueller BA, Starr JR, 
Cunningham ML, Weaver EM. Pediatric sleep apnea 
and craniofacial anomalies: a population-based case-
control study. Laryngoscope. 2010;120(10):2098–
105. doi:10.1002/lary.21093.

	 2.	Bharadwaj A, Khandelwal M, Bhargava 
SK. Perioperative neonatal and paediatric blood trans-
fusion. Indian J  Anaesth. 2014;58(5):652–7. doi: 
10.4103/0019-5049.144679.

	 3.	Chidester SJ, Williams N, Wang W, Groner JI. A pedi-
atric massive transfusion protocol. J  Trauma Acute 
Care Surg. 2012;73(5):1273–7. doi:10.1097/TA. 
0b013e318265d267.

	 4.	Cotton BA, Gunter OL, Isbell J, Au BK, Robertson 
AM, Morris JA, et al. Damage control hematology: the 
impact of a trauma exsanguination protocol on sur-
vival and blood product utilization. J  Trauma. 
2008;64(5):1177–82. ; discussion 1182–3 doi:10.1097/
TA.0b013e31816c5c80.

	 5.	Sandra LB, Alexis AT, Charles JC.  Review article 
Intraoperative pediatric blood transfusion therapy: a 
review of common issues. Part II: transfusion therapy, 
special considerations, and reduction of allogeneic 
blood transfusions. Pediatric Anesthesia. 
2005;15:814–30.

	 6.	Zunini GS, Rando KA, Cox RG. Fluid replacement in 
craniofacial pediatric surgery: normal saline or ring-
er's lactate? J  Craniofac Surg. 2011;22(4):1370–4. 
doi:10.1097/SCS.0b013e31821c94db.

14  Anesthetic Challenges in Pediatric Craniofacial Surgeries

http://dx.doi.org/10.1002/lary.21093
http://dx.doi.org/10.4103/0019-5049.144679
http://dx.doi.org/10.1097/TA.0b013e318265d267
http://dx.doi.org/10.1097/TA.0b013e318265d267
http://dx.doi.org/10.1097/TA.0b013e31816c5c80
http://dx.doi.org/10.1097/TA.0b013e31816c5c80
http://dx.doi.org/10.1097/SCS.0b013e31821c94db


178

	 7.	Arnwaldy YSC, Nargis SA, David AHB.  Metabolic 
changes during major craniofacial surgery. Pedeiatric 
Anesthesia. 2010;20:851–5.

	 8.	Stricker PA, Shaw TL, Desouza DG, Hernandez SV, 
Baetlett SP, Friedman DF, et al. Blood loss, replace-
ment, and associated morbidity in infants and chil-
dren  un-dergoing craniofacial surgery. Pediatric 
Anesthesia. 2010;20(2):150–9. doi:10.1111/j.1460​
-9592.2009.03227.x.

	 9.	Goobie SM, Meier PM, Pereira LM, McGowan FX, 
Prescilla RP, Scharp LM, et al. Efficacy of tranexamic 
acid in pediatric craniosynostosis surgery: a double-
blind, placebo-controlled trial. Anesthesiology. 
2011;114(4):862–71. doi:10.1097/ALN.0b013e3182​
10fd8f.

	10.	Oh AK, Kim S, Wang KC, Park CG, Kim CW, Cho 
BK.  Complications of pediatric craniofacial surgery 

in the Orient: analysis of a 10-year experience. 
J Craniofac Surg. 1997;8(5):341–51.

	11.	Thanh TN, Humphrey VL, Maxie P, Clasherrol E, 
Thomas MA. Intraoperative optimization to de crease 
postoperative PRBC transfusion in children undergo-
ing craniofacial reconstruction. Pediatric Anesthesia. 
2015;25(3):294–300.

	12.	Levine JP, Steinicki E, Weiner HL, Bradley JP, McCarthy 
JG. Hyponatremia in the postoperative craniofacial pedi-
atric patient population: a connection to cerebral salt 
wasting syndrome and management of the disorder. 
Plast Reconstr Surg. 2001;108(6):1501–8.

	13.	Gan TJ, Diemunsch P, Habib AS, Kovac A, Kranke P, 
Meyer TA, et al. Consensus guidelines for the man-
agement of postoperative nausea and vomiting. 
Anesth Analg. 2014;118(1):85–113. doi:10.1213/
ANE.0000000000000002.

L. Chan

http://dx.doi.org/10.1111/j.1460-9592.2009.03227.x
http://dx.doi.org/10.1111/j.1460-9592.2009.03227.x
http://dx.doi.org/10.1097/ALN.0b013e318210fd8f
http://dx.doi.org/10.1097/ALN.0b013e318210fd8f
http://dx.doi.org/10.1213/ANE.0000000000000002
http://dx.doi.org/10.1213/ANE.0000000000000002


179© Springer International Publishing Switzerland 2017 
Z.H. Khan (ed.), Challenging Topics in Neuroanesthesia and Neurocritical Care, 
DOI 10.1007/978-3-319-41445-4_15

Acromegalic Patients: Do They 
Pose Airway Problems?

Zahid Hussain Khan and Razmeh Hussain Khan

15.1	 �Historical Perspective

Acromegaly has been recognized since ancient 
times as it appears in the Old Testament [1]. 
However, it was only in 1886 when Pierre Marrie 
[2] described it as a distinct clinical syndrome 
and for the first time coined the term “acromeg-
aly” for this entity which was till then referred to 
as “giants” both among the lay man and the intel-
lectual stratum of the society. Marrie provided 
clear and vivid clinical descriptions of this mal-
ady from his own personal observations of his 
own two patients. Later, in the first quarter of the 
twentieth century came in the landmark publica-
tion of Harvey Cushing [3] who pointed out that 
the etiology of this disorder was a pituitary dys-
function or pituitary hypersecretion. He could 
distinctly observe clinical remission in these 
patients with acromegaly in whom he had per-
formed hypophysectomy further reinforcing his 
earlier postulation that the syndrome of acromeg-
aly was in fact related to a “hormone of growth” 
emanating from the pituitary gland itself.

Others have described with exquisite detail 
the constellation of features and the different 

organs and systems affected by the clinical syn-
drome of acromegaly [4, 5].

Acromegaly affects different systems in the 
body and has been associated with cardiovascular 
disorders [6, 7], myopathy [8] diabetes mellitus 
[9] and thus inevitably adds to induction and air-
way problems during anesthesia [10, 11, 12, 13].

15.2	 �Anatomical 
and Pathophysiologic 
Changes

In acromegaly, there is oversecretion or overpro-
duction of the growth hormone (GH) which can 
result from oversecretion of growth hormone 
releasing hormone from the hypothalamus or else 
from oversecretion of the hormone from a pitu-
itary tumor. Incidence of acromegaly is 3–4 per 
million per year, with a prevalence in the popula-
tion of 50–70 cases per million [4].

Because of the rarity of its occurrence, it is alto-
gether impossible to perform prospective studies. 
The somatic changes commonly seen in these 
patients are due to the effects of GH on growth and 
on insulin metabolism. As the changes are insidi-
ous, these patients usually land in the operating 
room with their typical and classic acromegalic 
facies including large hands and feet. Symptoms 
that occur as a result of excess GH include diabe-
tes mellitus, hypertension, cardiac disease (eventu-
ally leading to left ventricular hypertrophy, 
congestive heart failure and global cardiomegaly), 
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amenorrhea, hyperhydrosis, sleep apnea and car-
pal tunnel syndrome. Acral enlargement ends up 
in the characteristic acromegalic features. The 
acral enlargement consistently involves upper air-
way redundancy, which includes pharyngeal and 
tracheal changes that can lead to airway complica-
tions. In addition, coarsening of the features with 
bony enlargement can concomitantly involve mac-
roglossia; prognathism with malocclusion; and 
hypertrophy of the laryngeal soft tissue, epiglottis 
and aryepiglottic folds. Together, all these changes 
commonly alert the anesthesiologist about the 
gravity of the situation [14].

Pulmonary function tests are consistent with 
extrathoracic obstruction as the cause of pulmo-
nary complication. However, there is greater 
impairment of expiration than inspiration as con-
firmed by flow-volume loops [15]. As a result of 
oversecretion of the GH, there is resistance to the 
effects of insulin, which leads to glucose intoler-
ance. As a result, the glucose concentrations were 
found to be significantly higher in acromegalics 
compared to the control group [14]. This aspect is 
of paramount importance and should be kept in 
mind since hyperglycemia worsens some types of 
cerebral ischemia [16]. Acromegaly usually 
involves the cardiac tissue and can occur with or 
without concurrent hypertension. However, a 
correlation between the degree of cardiac enlarge-
ment and GH concentrations is lacking [6].

15.3	 �Difficult Airway and Its 
Prediction

The ASA Task Force on Management of the 
Difficult Airway defined it as a clinical situation 
in which a conventionally trained anesthesiolo-
gist experiences difficulty with face mask venti-
lation of the upper airway, difficulty with tracheal 
intubation or both [17]. Mallampati et  al. [18] 
introduced their maiden airway screening test 
that classifies visibility of the oropharyngeal 
structures. Other tests that are widely used as 
tools for predicting difficult intubation (DI) 
include the inter-incisor gap (IIG), the thyromen-
tal distance (TMD), the sternomental distance 
(SMD), the Wilson risk sum score and the upper 

lip bite test (ULBT) [19, 20, 21, 22, 23]. In an 
editorial, Yentis [24] questioned whether attempts 
at prediction are likely to be useful because of the 
extremely low rate of occurrence of DI.

Having discussed that, obviously the most 
important drawback in using the TMD, SMD and 
IIG is the quantitative nature of these tests [25], 
whereas the classification based on the ULBT is 
of a qualitative nature, making the differentiation 
of airway class easy, succinct and precise. 
Furthermore, the differences between the ULBT 
and the other tests currently in use are those 
between continuous and discrete variables. Thus, 
the ULBT is associated with the least interob-
server variability, which gives it an added advan-
tage as an airway screening test [26].

15.4	 �Incidence and Possible 
Causes of Difficult Intubation 
in Acromegalics

The incidence of DI in acromegalic patients has 
been reported to range from 9.1% to 13% [27–29]. 
Muchler et al. [30] reported the incidence as 30%. 
Nemergut and Zuo [31] reported an incidence of 
3.8% in acromegalics. They further documented 
that unanticipated difficulty with airway manage-
ment was three times more common in acrome-
galic patients than in patients with nonfunctioning 
pituitary tumors (9.1% vs. 2.6%) while reviewing 
the perioperative records of 746 patients that 
underwent transsphenoidal microsurgery at the 
University of Virginia between 1995 and 2001. 
Acromegaly is commonly recognized as a cause of 
difficulty in airway management and intubation 
[13]. The causes of difficult intubation include 
prognathism, macroglossia, thickening of the pha-
ryngeal and laryngeal soft tissues and the vocal 
cords, fixation of the vocal cords, palsy of the 
recurrent laryngeal nerve, decrease of the width of 
the cricoid arch and hypertrophy of the arytenoepi-
glottic and ventricular folds [32]. We should have 
a rational explanation of the difficulty. If there 
does exist a difficulty, It is the most tedious and 
cumbersome difficulty of all to deal with.

Acromegalics face DI with a prevalence of 12 
and 30%. In one study, the Cormack–Lehane 
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grade (CLG) [33] was 26% [25]. The differences 
in these and other studies could be attributed to 
the criteria defined for DI.

Elevated levels of GH cause significant altera-
tions in airway anatomy as seen in acromegalic 
patients [34]. Hypertrophy of facial bones and 
coarsening of features are commonly seen in 
these patients. The mandible becomes thicker 
leading to significant prognathism. Soft tissues of 
the nose, mouth and tongue are all affected. There 
is significant macroglossia and hypertrophy of the 
laryngeal and pharyngeal soft tissues leading to 
reduction in the size of the glottic opening, thus 
contributing to airway obstruction and respiratory 
disease [10]. In their small series of patients, 
Hassan et al. [35] reported that the cricoid width 
and anteroposterior diameter were narrower 
which were attributed as possible factors of air-
way problems in acromegalic surgical patients.

15.5	 �Difficult Mask Ventilation 
in Acromegalic Patients

Difficult mask ventilation (DMV) is defined as 
the inability to record a regular carbondioxide 
waveform. Although Hakala et  al. [12] did not 
encounter DMV, they warned that this risk should 
be taken into consideration when anesthetizing 
these patients. Awake intubation under topical 
anesthesia and sedation is the safest way to pro-
ceed if difficulties in ventilation and intubation 
are expected. Khan and Rasouli [36] in their large 
series could find DMV in these patients and they 
would always check the feasibility of face mask 
ventilation in an apneic patient after premedica-
tion and induction doses of thiopental sodium. If 
feasible, a neuromuscular blocking drug (NMBD) 
would be given and endotracheal intubation 
attempted. On the contrary, if mask ventilation 
would be found difficult, a direct laryngoscopy 
and intubation would be initiated under the 
umbrella of a lidocaine spray and without admin-
istering an NMBD. The essential part is not to 
intubate the trachea but to make sure that ventila-
tion and oxygenation are maintained at all cost.

It has been stated that tracheal intubation may 
be achieved easily in some of the patients in 

whom DMV is encountered. If mask ventilation 
is not feasible despite the use of an oral airway, 
O2 flush or help of two providers, then attempt a 
tracheal intubation as the first option and if that 
also fails, then use the alternative approach, that 
is, the laryngeal mask airway (LMA) [36].

In the general population, Langeron et al. [37] 
could find an incidence of DMV as 5%. In cases 
of DMV, the incidence of DI is increased four-
fold, thus warning the anesthesiologist to be more 
cautious when DMV is encountered.

15.6	 �A Discrepancy 
Between Airway Screening 
Tests and DI

The airway screening tests help the physician in 
implementing a pragmatic and logical approach 
in the airway management of acromegalic 
patients. However, the tests are not totally reli-
able and can give false positive or negative 
results, thus adding to our problems in the man-
agement of these cases.

Although preoperative Mallampati scores of 3 
and 4 are of value in predicting difficulty, even this 
test will miss a significant number of patients with 
a difficult airway [27]. Schmitt et al. [27] defined 
Mallampati classes 3 and 4 as predictors of diffi-
cult laryngoscopy, and found a significant associa-
tion between Mallampati classes and difficult 
visualization of laryngeal structures. Using Fisher 
exact test, they found a p value of 0.001 reflecting 
strong and significant association, and concluded 
that the presence of Mallampati classes 3 and 4 
served as a predictor of laryngoscopy grade 
III. They also documented that 20% of acrome-
galic patients assessed as Mallampati classes 1 and 
2 were noted to be difficult to intubate. In the same 
vein, Edward and Zhiyi [28] found that 4.8% of 
acromegalic patients assessed as Mallampati 
classes 1 and 2 were difficult to intubate. These 
results show that the Mallampati classification has 
poor negative predictive value in acromegalic 
patients and DI may be unpredictable. They fur-
ther documented that of all the 146 patients, the 28 
difficult ones were successfully intubated. In their 
series, although a Mallampati class 3 assessment 
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was associated with an increased risk of difficulty, 
50% of difficult acromegalic patients were evalu-
ated as Mallampati class 1 or 2 during preoperative 
examination. Both false negative and false positive 
results are frequently encountered with the 
Mallampati test. A false negative test can endanger 
the patient’s life because it imparts an erroneous 
impression that the patient does not have an airway 
difficulty, whereas in reality the patient does have 
a difficulty. A false positive result on the contrary 
gives a false alarm and alerts the physician that a 
danger does exist, thus prompting the anesthetic 
team to expand the armamentarium for an expected 
DI, thus incurring an extra cost for the patient and 
consuming a good deal of valuable time. Thus, a 
false alarm does add to our responsibilities regard-
ing patient’s management.

Khan and Rasouli [36] shared their experi-
ence in intubating more than 800 patients under-
going transsphenoidal surgery, the largest series 
of acromegalic patients so far reported in the lit-
erature. They say that it is rational to expect DI 
in patients with acromegaly because of macro-
glossia, vocal cord hypertrophy and longer 
TMD.  Most of their patients had Mallampati 
classes 3 and 4 on preoperative evaluation, but 
they could visualize the glottis during laryngos-
copy meaning thereby that a CLG [33] was 1 or 
2 and thus intubation was easy. In sharp contrast 
to the findings of Edward and Zhiyi [28], who 
found a Mallampati class 1 or 2 in approximately 
50% of their patients during preoperative evalu-
ation, Khan and Rasouli [36] preponderantly 
encountered a Mallampati class 3 or 4 prior to 
operation. Owing to the fact that acromegalic 
patients have massive macroglossia, the oropha-
ryngeal structures are totally obscured by the 
huge hypertrophoid tongue and thus it is natural 
and logical to find a higher Mallampati class dur-
ing the preoperative examination. The other 
explanation that can be forwarded for this dis-
crepancy is that the patients in Khan and Rasouli 
[36] series had reported when they had a full-
blown picture of acromegaly as against that of 
Edward and Zhiyi [28] series wherein the 
patients might have reported early, thus reflect-
ing a substantially lesser effect of the GH on the 
airway architecture. This explanation is highly 

plausable because screening of patients is not 
routinely performed in the less affluent popula-
tion, and as a result such patients are frequently 
missed and left over till such time when they 
report on their own for the enormous overgrowth 
of their hands, feet, mandible and the frontal 
bones. Later on when Khan and Rasouli [36] 
included the ULBT and compared it with the 
Mallampati class, they would frequently find a 
ULBT class 1 or 2 (Figs. 15.1. and 15.2) as 
against a Mallampati class of 3 and 4 (Figs. 15.3 
and 15.4), and despite widely conflicting varia-
tions among the two screening tests, they would 
frequently encounter an easy intubation except 
in a small number of patients where external 
laryngeal pressure would decrease the CLG and 
thus facilitate endotracheal intubation. A higher 
class of Mallampati depicts DI probably due to 
massive macroglossia, vocal cord hypertrophy 
and longer TMD.

Mandibular length was infrequently found to 
be longer in patients with acromegaly, and this 
factor could serve as the dominating factor in 
predicting DI [32]. The longer mandibular length 
could serve to provide enough space for the huge 
tongue to be displaced anteriorly in these patients, 
thus facilitating good glottic exposure and ease of 
intubation. As we know, the space anterior to the 
larynx (the mandibular space) determines how 
readily the laryngeal axis will fall in line with the 
pharyngeal axis. When the atlanto-occipital joint 
is extended, this space can be easily measured by 
the horizontal length of the mandible. In acrome-
galic patients, the mandibular length is long 
pointing toward a large mandibular space, thus 
affording easy compression of the tongue into 
this compartment rather than pulling it forward to 
reveal the larynx [38].

Schmit et al. [27] failed to find a correlation 
between DI and TMD in acromegalic patients. 
The large TMD due to prognathism with a 
mean of 9 cm in their patients clearly exceeds 
the values reported for nonacromegalic patients 
[39]. TMD initially introduced to recognize 
retrognathism may not be appropriate in acro-
megalic patients [27]. However, this hypothe-
sis has neither being tested nor attested in 
clinical trials.
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If your preoperative assessment is accurate, 
you would be rewarded for the accuracy of your 
calculations and patient safety. If the assessment 
is taken lightly, you should be strongly convinced 
of the worst risks, in store for you as an anesthe-
siologist and as a care provider.

15.7	 �Intubation Strategies 
in Acromegaly

Before induction of anesthesia and intubation, 
it is incumbent to know that perioperative meta-
bolic problems such as lower urine output are 
seen during the operation and these distur-
bances could be because of preoperative hypo-
volemia, fluid volume dysautoregulation and/or 
renal dysfunction commonly seen in acrome-
galic patients as an integral part of the so-called 
syndrome of acromegaly with a constellation of 
features and symptoms due to multisystem 
involvement.

Several authors have focused on airway diffi-
culties in these patients presenting for surgery. To 
achieve the goals of ventilation and oxygenation, 
devices such as LMA or laryngeal tubes are 
employed, or else lighted styles, videolaryngo-
scopes, and flexible bronchoscopes are used to 
assist or facilitate intubation. Supraglottic devices 
are used to achieve the essential goal of ventila-
tion but the problem with them is that they cannot 
be used in patients with a small IIG. Some are 
designed primarily to ventilate such as the clas-
sic, unique, proseal and supreme LMA, whereas 
others such as the Fastrach intubating LMA, 
I-Gel and Cobra PLA can all be used for intuba-
tion. Law-Koune et  al. [40] in their series used 
the intubating laryngeal mask airway (ILMA) as 
a primary tool of ventilation and intubation in 
acromegalic patients. It was inserted when the 
bispectral index fell below 50. They concluded 
that ILMA can be used as a primary airway for 
oxygenation in acromegalic patients (manual bag 
ventilation) but the rate of failed blind intubation 

Figs. 15.1. and 15.2  Patients asked to take a bite of the upper lip which reveals a ULBT class 1–2

Figs. 15.3 and 15.4  Upon full protrusion of the tongue, a Mallampati class 3–4 is revealed
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precludes its use as a first choice for elective air-
way management.

Kao et al. [41] on the other hand suggest an 
awake endotracheal intubation under local anes-
thesia with the aid of a fiberoptic bronchoscope 
in these patients because of the commonly held 
belief of problems with DI.

It has been stated that up to 75% of acrome-
galic patients have obstructive sleep apnea (OSA) 
[34, 42]. There is a strong association between 
OSA and DI [43, 44]. In acromegaly complicated 
by OSA, there is a high risk of preoperative air-
way comprise [42], thus such patients need extra 
vigilance and an extra airway armamentarium as 
far as their airway and intubation are concerned.

In their experience and based on the airway 
evaluation, Khan and Rasouli [36] stated that if 
commonly used strategies fail to achieve a sub-
stantial rise in the oxygen saturation, a tracheal 
intubation should be tried and an LMA inserted if 
the tracheal intubation cannot be achieved. 
Moreover, in many studies, successful intubation 
could be achieved even in the apparently difficult 
cases [27, 28]. It has been suggested that unneces-
sary tracheostomy should preferably be avoided 
in acromegalic patients and fiberoptic intubation 
tried instead [13]. In their study, Hakala et al. [12] 
reported that fiberoptic intubation may prove dif-
ficult or frankly fail in acromegalic patients. They 
further claimed that the commonly employed 
tests for prediction of intubation difficulties do 
not apply to fiberoptic intubation. They concluded 
that the method of choice for intubation in acro-
megalic patients remains unclear.

Although routine tracheostomy had been advo-
cated in the past for acromegalic patients [11], it 
has been reported that it is rarely necessary [13].

At times when it would be difficult for the sur-
geon to remove the tumor lying in the pituitary 
fossa, a transient Valsalva maneuver would help 
the tumor to pop out from its bed, thus facilitating 
surgical removal and evacuation. This approach 
has helped the surgeon in countless occasions in 
our series of patients [36].

Since DMV is a common occurrence in acro-
megalic patients as reported [36], the ULBT can 
serve as a predictor of DMV [39] and a higher 
ULBT score should serve as a warning sign that 

DMV most probably would be encountered after 
the patient has been rendered apneic following a 
paralyzing dose of muscle relaxant.

15.8	 �Extubation Strategies

As the nose is packed at the end of transsphenoidal 
surgery and owing to the fact that breathing via the 
mouth is grossly impaired because of concomitant 
macroglossia and OSA, extubation should prefer-
ably be attempted in a fully awake and obeying 
patient. At times after extubation when an ade-
quate oxygen saturation by pulse oximeter could 
not be obtained while the patient was being posi-
tioned supine, a tonsil or a prone position almost 
always helped the patients in performing an unim-
peded respiration and thus helping them in improv-
ing their oxygen saturation [36].

Extubation attempted while the patient is still 
sedated leads to a rapid decline in oxygen satura-
tion, spells of cyanosis and difficulty in maintain-
ing mask ventilation. In such a scenario, if a rapid 
re-intubation is not performed (which also is 
exceedingly difficult), severe hypoxia along with 
acidosis would cause a cardiac arrest. In such 
life-threatening situations, succinylcholine 
should be administered and the patient intubated 
rather than performing futile attempts of mask 
ventilation in an impending hypoxic and restless 
patient. This strategy has saved some of our 
patients who had become hypoxic after extuba-
tion. However, the use of succinylcholine is only 
recommended if the patient had an uncompli-
cated tracheal intubation prior to surgery.

�Conclusion

Acromegaly owing to the constellation of fea-
tures and involvement of different systems 
and organs in the body is an anesthetic chal-
lenge, and these patients do pose airway prob-
lems both during the induction of anesthesia 
and after extubation. Thus, they need extra 
surveillance and care as far as their anesthesia 
management is concerned in general, and their 
airway in particular.

In the end, I would feel rewarded and get a 
momentary relief if I have been able to fully 
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divulge the mystery of airway management 
difficulty in acromegalic patients, with an 
explanation that would sound satisfactory to 
the mind and judgment of a practical anesthe-
siologist, and I would leave you to repose fur-
ther on this complicated issue. I reckon the 
explanations forwarded would sound satisfac-
tory and pragmatic.
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Airway and Fluid Management 
of Patients in a Prone Position

Mathieu Asselin and Orlando Hung

16.1	 �Introduction

Proper patient positioning for surgical proce-
dures is an important consideration for a safe and 
successful outcome. A proper position provides 
appropriate surgical access and guards against 
injury due to pressure points and strain on neuro-
logical and musculoskeletal structures.

The prone position is most commonly required 
for surgical procedures on the spine, and for 
selected procedures in neurosurgery, urology, 
and general surgery. This position is complicated 
by an increased risk of stretch and pressure injury 
of nerves, eyes, ears, breasts, genitalia, and 
stoma; postoperative neck pain and limitation of 
motion; interference with flow in neck vessels; 
cardiovascular instability; difficulty with ventila-
tion; and problems with providing cardiopulmo-
nary resuscitation as compared with the supine 
surgical position [1].

Airway considerations for patients placed in 
the prone position may include difficult access to 

the airway, migration of the endotracheal tube 
(ETT) (tip of the ETT moving cephalad or caudad 
with head extension and flexion, respectively), 
limited ability to reposition the head and neck for 
bag-mask- ventilation (BMV), and the potential 
development of airway edema.

16.2	 �Preoperative Airway 
Assessment

Oxygenation of an unconscious patient can be 
done by four basic methods: bag-mask- ventila-
tion (BMV), tracheal intubation, insertion of an 
extraglottic device (EGD), and by providing a 
surgical airway. Different guidelines for the 
management of the difficult airway [2–5] stress 
the importance of preoperative airway assess-
ment. Predictors of difficulty should therefore be 
sought prior to all airway management [4]. 
However, these guidelines did not discuss the 
airway management of patients in prone position. 
Nonetheless, it is obvious that prone position 
interferes with all four basic methods of airway 
management, especially with head and neck sur-
geries. Therefore, the airway strategy should be 
several-fold: an initial strategy to manage the air-
way at induction and intubation, safely securing 
the tracheal tube following intubation, a back-up 
plan in case of airway loss during the surgical 
procedure, and an extubation strategy following 
the surgical procedure.
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While surgically suboptimal, the prone posi-
tion can sometimes be avoided. If a difficult air-
way is anticipated, it is important to discuss 
alternative surgical positions for the procedure 
with the surgeon. Other positions for the surgical 
procedures, such as lateral, park bench, or supine 
positions may be considered to minimize the risk 
of managing a difficult airway situation (e.g., 
accidental extubation, airway edema) in a patient 
placed in prone position with an anticipated dif-
ficult airway.

In case of a known or predicted difficult 
laryngoscopic intubation, the technique utilized 
to manage the airway will depend on whether or 
not ventilation can be readily provided by BMV, 
EGD, or a surgical airway, aspiration risk, the 
available resources, as well as the expertise of 
the clinician. The situation becomes more chal-
lenging in patients with cervical spine instabil-
ity or spinal cord damage. For this patient 
population, some consider that awake broncho-
scopic intubation followed by placing the 
patient in prone position prior to induction of 
anesthesia provides the widest margin of safety 
because it allows verification of neurological 
integrity prior to surgery. However, there is no 
clinical evidence to support this practice. In a 
retrospective review of 150 patients with cervi-
cal spine injury, Suderman et  al. [6] found no 
difference in neurological outcomes following 
tracheal intubation awake or under general 
anesthesia, with or without in-line cervical spine 
immobilization.

16.3	 �Intraoperative Management

16.3.1	 �Choice of Airway Device

During the last two decades, many extraglottic 
devices (EGD), including the laryngeal mask air-
way (LMA) and the second-generation EGDs 
(e.g., LMA-ProSeal) have been shown to be 
effective and safe in providing ventilation and 
oxygenation in the supine position. Advantages 
of these EGDs over tracheal intubation are well-
known [7]. Despite the lower seal pressure and a 
higher frequency of gastric insufflation [7], the 

incidence of pulmonary aspiration is low, at least 
for outpatient anesthesia [8].

Oral tracheal intubation has been the tradi-
tional choice of airway management for patients 
in prone position for a surgical procedure and is 
arguably less likely to dislodge in this setting. 
Since the availability of EGDs, some clinicians 
reported the use of an EGD in different position-
ing settings, including the prone patient even 
though Benumof [9] and Fisher [10] suggested 
that it was contraindicated in this setting in 1992. 
A recent survey of private practice, German anes-
thesiologists even showed that as high as 48% of 
them use EGDs in prone position [11]. While it 
may be reasonable to use an EGD device for sur-
gical procedures requiring prone position in 
selected situations (e.g., short surgical proce-
dures, non-obese patients, absence of risk factors 
for a difficult airway, absence of risk factors for 
pulmonary aspiration), this issue remains contro-
versial [12–14].

A recent review of the literature on induction 
of general anesthesia (GA) in the prone position 
and the concurrent use of EGDs concluded that 
very low complication rates were associated with 
the use of EGDs after elective induction of anes-
thesia for prone position in select patients [15]. 
On the other hand, the investigators also indi-
cated that there is insufficient evidence to suggest 
the routine use of this technique.

Some reported the use of an EGD for patients 
in prone position for elective short procedures 
[16–24]. The EGD was inserted in the supine 
position before turning prone or after anesthesia 
induction in prone position. First-attempt success 
in the prone position was above 90% [21, 24]. 
Although complications were rare, airway 
obstruction [17, 18], green emesis regurgitation 
(without sequelae) [21], inadequate ventilation 
requiring reinsertion of the LMA in the supine 
position [21], and a premolar loss have been 
reported [25]. EGDs used in these studies include 
the LMA-Classic [16–21], the i-gel [22, 23], and 
the LMA- Supreme [24].

In three case reports, an EGD was inserted 
after induction of GA with the patient prone [26–
28]. In two of these cases, the anesthesia team 
used an intubating LMA and blind intubation was 
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successfully achieved through the device [27, 
28]. Anesthesia was uneventful in all those cases.

A few retrospective and prospective studies 
were published [29–36], studying a total of 914 
patients. In general, patients were recruited if 
they were non-obese, ASA I–II, if a difficult air-
way was not anticipated, and if the procedures 
were short. One exception to this rule is the 
study by Sharma et  al. [34] in which patients 
with a BMI as high as 55 and with documented 
gastro-esophageal reflux disease were included. 
The mean duration of surgery was 102 min, but 
was as long as 5 h. The EGD required reposition-
ing in 13 patients (6.3%) and changed in six 
patients (2.9%), two patients required more than 
two attempts at insertion (1%), and four patients 
(2%) had gastric content regurgitation, but no 
clinical evidence of pulmonary aspiration. In the 
other studies, first-attempt success varied from 
76% [36] to 99% [31, 33, 35]. BMV was easy in 
most (up to 96%) of the patients [31, 36]. 
Malposition of the LMA [29, 31, 35], hypoventi-
lation [29], oropharyngeal bleeding [29, 31, 35], 
and laryngospasm [29, 35] were reported. No 
instance of regurgitation was reported in those 
latter studies. In one study, two patients needed 
to be turned back in the supine position to pro-
ceed to tracheal intubation because complete air 
seal was not possible in the prone position [36].

Some studied the efficiency of placement of 
the EGD following induction of general anesthe-
sia with the patient placed in prone position. The 
traditional supine tracheal intubation followed 
by prone positioning was compared to GA 
induction followed by EGD insertion in patients 
placed in prone position. Weksler et  al. [32] 
noted a significant reduction in requirement for 
human resources for positioning in the EGD 
group. The induction–incision time was also sig-
nificantly reduced in this group by about 
10–15 min. In 2014, Olsen et al. [36] did a ran-
domized controlled trial involving 140 patients 
in which the primary outcome was the total time 
taken from initial identification to readiness for 
radiographic examination of the prone and anes-
thetized patient. There was a 3–5 min reduction 
in the prone GA induction group. There was no 
difference in complications (e.g., the presence of 

blood in the mouth or on the airway devices) 
between the groups.

While the EGDs used in the studies above 
were the LMA-Classic and its variants, other 
extraglottic devices could probably be used while 
the patient is in prone position, depending on the 
skill and experience of the clinician, as well as 
the resources available. However, there are cur-
rently no reports in the literature of the successful 
use of non-LMA-derived EGDs for patients in 
the prone position.

In our view, to deliberately induce a patient in 
a position in which airway management can be 
difficult, especially in case of failure, seems 
counterintuitive [15]. In fact, since the anesthesia 
closed claims analysis by Caplan et al. in 1990 
[37], difficult airway guidelines have been pub-
lished [38–40] and revised [2–5] to improve out-
comes related to airway management. To 
optimally position the patient to favor a good 
denitrogenation and facilitate tracheal intubation 
is part of the recommendations. While we recog-
nize that it might be reasonable to use an EGD in 
patients for prone position for repeated radiother-
apy sessions in children to avoid potential tra-
cheal trauma associated with tracheal intubation, 
we believe that routine use of this technique is 
not to be recommended. Most studies reporting 
the safety of this technique had small sample size 
and were underpowered to detect rare events such 
as “cannot intubate, cannot oxygenate” scenar-
ios, pulmonary aspiration, or to detect any differ-
ence in position-related adverse events. 
Therefore, absence of unfavorable outcomes 
should not be interpreted as proof of safety. 
Besides, unfavorable outcomes have been 
reported. Indeed, at least two prone patients 
needed to be turned back to supine position [36] 
for tracheal intubation due to incomplete air seal 
with the EGD. Moreover, although there was no 
evidence of aspiration, two different publications 
report occurrence of regurgitation [21, 34]. Other 
worrisome adverse events (airway obstruction, 
laryngospasm, etc.) were also reported. Although 
there are many proposed benefits [15] of prone 
induction followed by EGD insertion (lower inci-
dence of pressure injuries, injury to the patient, 
lines and tubes dislodgement caused by the turn, 
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operating room personnel injuries [41]; decrease 
in required human resources for positioning and 
lifting of patient), they are not supported by clini-
cal studies. The only statistically significant 
advantage of this approach is a decrease in time 
before surgical readiness [32, 36]. Based on these 
two studies, the time saving is approximately 5 to 
15 min per case. While we acknowledge the pres-
sure to do more procedures in our settings, we 
strongly believe that safety cannot be compro-
mised. Finally, some suggest that managing the 
airway in an anesthetized patient in a prone posi-
tion is a rescue skill worth acquiring should the 
tracheal tube become dislodged under anesthesia 
as turning back the patient to supine position 
takes time and may not be possible. We acknowl-
edge the usefulness of such a skill, but, in our 
view, practicing rescue airway management skills 
(e.g., BMV, use of EGD and tracheal intubation) 
in a prone position on manikins, or on clinical-
grade cadavers, is more prudent and safer. 
Therefore, we believe that tracheal intubation in 
the supine position followed by a careful turning 
to the prone position by experienced personnel 
remains the gold standard today.

16.3.2	 �EGD Insertion Technique

A number of studies have reported the EGD 
insertion technique in a patient placed in a 
prone position when the use of an EGD is 
deemed necessary. Patients are first asked to 
comfortably position themselves prone on the 
operating table with their head turned to either 
side. With the cuff completely deflated, the 
EGD will be inserted following denitrogenation 
and induction of anesthesia. The preferred 
insertion technique would be the traditional 
digital technique, but with the head turned to 
the side and the head slightly extended. Air seal 
is obtained by cuff inflation. Following the con-
firmation of proper placement with end-tidal 
CO2, the device should be secured using water-
proof tape. In some studies, a gastric tube was 
inserted through the esophageal port of the sec-
ond-generation EGDs, such as the LMA-
Proseal. The thumb insertion technique has also 

been described [30]. This technique is similar to 
the digital technique except that the operator 
uses the thumb instead of the index finger to 
advance the EGD. As for the use of EGD in the 
supine position, the use of neuromuscular 
blockers remains controversial. A 15° tilt of the 
operating table has been suggested in helping 
with airway access for EGD placement [31]. It 
is important to emphasize that a spare trolley 
should be available at all time during surgery 
for patients placed in prone position so that 
rapid turning to supine position can be achieved 
for emergency management of a failed airway 
(e.g., dislodged EGD or ETT) or cardiovascular 
instability (e.g., cardiac arrest).

16.3.3	 �How to Secure the Airway 
Device

To minimize the risk of ETT dislodgement, it is 
imperative to secure the ETT properly, particularly 
for patients in a prone position. The most common 
method of securing the ETT is to tape it to the face. 
Unfortunately, the presence of facial hair, oily 
skin, perspiration, oropharyngeal secretions, and 
surgical skin preparation solutions can impair the 
adhesiveness of the tape. Generous use of water-
proof tape and the use of multiple attachment 
points can reinforce the bond to the patient’s face. 
The application of tincture of benzoin to the skin 
may improve tape adhesion. Although adequate 
taping is required for the prone patient, complete 
sealing off of the mouth should be avoided, as oro-
pharyngeal secretions should be allowed to drain 
out. This will minimize pooling of saliva and 
secretions, which may loosen the tape over time. In 
addition, the use of an antisialogogue (e.g., glyco-
pyrrolate) may be helpful as a preventive measure 
to minimize secretions. Placement of a throat pack 
in the oropharynx or a gauze bite block may also 
limit the amount of secretions draining out of the 
oropharynx, which may disrupt the bond between 
the tape and the skin. However, the clinician must 
always be aware of the potential for pressure injury 
(e.g., lingual nerve injury) associated with the use 
of these throat packs and bite blocks [42, 43]. 
Following the placement of the throat pack, 
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personnel working in the operating room should be 
reminded about its use so that it would be removed 
prior to extubation at the end of the case.

Patients with facial hair often pose additional 
problems with securing the airway. For these 
patients, it may be best to tie the ETT around the 
neck with an umbilical tape. It is important not to 
tie the ETT too tightly and thereby obstruct 
venous return from the head. If the ETT cannot 
be tied around the neck (e.g., cervical laminec-
tomy or post-fossa craniotomy), other possible 
options to secure the ETT should be considered. 
These include suturing the ETT to the lips, tying/
suturing the ETT to the upper incisors or nares, 
and shaving the patient’s beard prior to induction 
of anesthesia.

16.4	 �Troubleshooting in Airway 
Issues in the Prone Position

16.4.1	 �A Leak in the Ventilation 
System

A leak in the ventilation system is a fairly com-
mon occurrence during surgery and is usually 
easy to manage. However, it is more complex 
when it occurs in a patient placed in prone posi-
tion due to the unique challenges it presents to 
the clinician.

In diagnosing and managing this situation, the 
source of the leak must be promptly determined. 
This is usually accomplished by inspecting all 
portions of the anesthesia circuit in an organized 
and sequential manner. With the prone patient, it 
is usually easier to start inspection from the anes-
thesia machine to the patient, especially if the 
patient’s head is away from the anesthesia work-
station. This would include checking flow rates, 
ventilator/bag volumes, valves, circuit tubing, 
and connections.

Leaks within the anesthesia machine or circuit 
may involve circuit disconnects, leaks around cir-
cuit connections or valves, and undetected holes 
in circuit components. Management of such leaks 
may include increasing the fresh gas flow (for a 
small leak), or replacing part or all of the anesthe-
sia circuit or machine.

Potential leaks associated with an airway 
device include partial or complete dislodgement 
of the device, inadequate volume in the ETT cuff, 
disruption of the ETT cuff, and a leak from the 
pilot cuff apparatus (pilot valve or tubing leak).

If there is evidence of tube damage and a sig-
nificant leak exists, the ETT should be replaced. 
On the other hand, small air leaks may be over-
come by increasing inspired gas flow if the remain-
ing surgical time is short. The benefits of 
continuing the case without further airway manip-
ulation must be weighed against potential further 
airway compromise and operating room contami-
nation with anesthetic gases. Therefore, should the 
clinician decide to proceed, it would be prudent to 
change the anesthetic technique to total intrave-
nous anesthesia. Larger leaks can be attenuated by 
the insertion of a throat pack, if not already pres-
ent. If a throat pack was in place around the faulty 
ETT immediately following the initial tracheal 
intubation, it may be possible to remove the faulty 
ETT and pass a new ETT with a deflated cuff into 
the trachea through the cast (or track) made by the 
throat pack or it may be possible to change the 
ETT over an airway exchange catheter. If these 
measures fail and the airway has been compro-
mised, ventilation and oxygenation of the patient 
must be reestablished as soon as possible.

16.4.2	 �A Dislodged ETT

The goal of management is to resume oxygen-
ation as soon as possible. This situation should be 
treated as an unanticipated difficult airway emer-
gency and basic principles of established guide-
lines should be followed [2, 3, 5].

First, operating room personnel must be 
informed of the emergency situation and addi-
tional help should be summoned. The difficult 
airway cart, the patient’s stretcher or bed (should 
be readily available at all times during anesthesia 
for prone position patients), and the resuscitation 
cart should be brought into the operating room 
immediately. The surgical team should close the 
surgical wound as soon as possible to allow 
transfer of the patient to a stretcher in the supine 
position.
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If oxygenation and ventilation remain accept-
able and it is still possible to ventilate the patient 
through the ETT as confirmed by end-tidal CO2 
waveform, the tip of the ETT is likely inside the 
trachea with the cuff just above the vocal cords. 
In that situation, the cuff should be deflated and a 
simple advancement of the tube may be all that is 
required. If airway equipment is readily avail-
able, the ETT can be advanced over a tube 
exchanger, or a flexible bronchoscope.

If the ETT is completely dislodged, the patient 
should return to the supine position for definitive 
airway management. While this would be ideal, it 
could be difficult to achieve in a timely manner. 
Moreover, depending on the situation, it might 
not be without considerable risk to the patient 
(e.g., potential neurological sequelae during 
placement of spinal instrumentation [44]), espe-
cially if everything will be managed in an unpre-
pared emergency manner. Furthermore, if one 
waits until the patient returns to supine position 
to manage the airway, significant delays in oxy-
genation may occur, which may be associated 
with catastrophic consequences. Therefore, it is 
desirable to have several alternative approaches 
to reestablish oxygenation in this particularly dif-
ficult situation. If the patient is turned back to the 
supine position quickly during the emergency 
situation, the airway should be managed in the 
usual manner for any unresponsive or anesthe-
tized patients lying in a supine position.

Options to oxygenate a prone patient are simi-
lar to those in the supine patient: BMV, EGD, 
tracheal intubation, and surgical airway.

BMV should be provided as soon as possible. 
As discussed above, BMV can be easily achieved 
in the prone position in the vast majority of elec-
tive patients [29, 31, 33, 35]. If possible, rotating 
the head of the patient to one side may help to 
achieve an adequate mask for BMV. When diffi-
culties are encountered, oropharyngeal and naso-
pharyngeal airways can be used. However, BMV 
in the prone position can be difficult, especially in 
the emergency setting, due to limited access to the 
airway, difficult mask seal due to no occipital sup-
port to apply counter pressure to the head [45], 
presence of large amount of secretions, and lack 
of clinical experience performing BMV in a prone 

patient. It may be necessary to use a two-hand 
technique to achieve a mask seal while a second 
person, or the anesthesia machine, provides venti-
lation. Provided that a good seal can be main-
tained, BMV should be reasonably easy in a 
patient lying prone as gravity tends to move the 
tongue away from the posterior pharyngeal wall. 
If BMV is successful, the patient should ideally 
be turned supine to proceed to tracheal intubation. 
If turning of the patient is challenging (cervical 
spine instability, open wound, open skull surgery, 
etc.), an attempt at tracheal intubation with a flex-
ible bronchoscope is a viable option.

If BMV is impossible, or does not permit effec-
tive oxygenation, an EGD can be placed to provide 
oxygenation and ventilation for the patient in the 
prone position. Successful use of EGDs has been 
reported to regain control of the airway and pro-
vide positive-pressure ventilation following ETT 
dislodgement in the prone position [44, 46]. 
Insertion of the LMA in the prone patient should 
be attempted using the classic insertion technique 
recommended for patients in the supine position 
[47]. Successful insertion of an EGD may actually 
be easier in the prone position because gravity 
helps to move the tongue and epiglottis [29] away 
from the posterior pharyngeal wall and minimizes 
the risk of down folding of the epiglottis. If EGD 
insertion is successful and oxygenation is satisfac-
tory, time should be allowed to discuss and decide 
if the procedure should continue with the EGD in 
place or if a definitive airway is desired (e.g., pro-
longed case, risk of aspiration). In the latter sce-
nario, a 6.0-mm ID ETT can pass through a size 4 
LMA-Classic (or a 7.0-mm ID ETT through a size 
5 LMA-Classic) with flexible bronchoscope (FB) 
guidance if the “aperture bars” were removed to 
allow easier passage of the ETT through the open-
ing. Alternatively, the LMA-Classic can be used as 
a conduit for tracheal intubation using a pediatric 
bronchoscope loaded with an Aintree Catheter 
[48]. If immediately available, an intubating LMA 
(LMA-Fastrach™) can also be placed to provide 
ventilation and oxygenation and the device can 
then be used as a conduit for tracheal intubation. 
However, LMA-Fastrach™ placement, as com-
pared to the LMA-Classic™, can be difficult in the 
prone position.
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In the event that placement of both BMV and 
EGD fails, tracheal intubation should be 
attempted. In fact, reintubation while the patient 
is still in the prone position would eliminate the 
inherent risks associated with turning the patient. 
Tracheal intubation by direct laryngoscopy can 
be performed in the prone patient by the clinician 
who is positioned at the head of the patient facing 
caudad. The clinician uses the right hand to insert 
the laryngoscope into the pharynx and exposes 
the glottis (Fig. 16.1). Operating the laryngo-
scope with the right hand while the clinician 
faces the prone patient allows the laryngoscope 
blade to displace the tongue away from the right 
side of the patient’s mouth. The clinician then 
uses the left hand to insert the ETT into the tra-
chea under direct vision. Alternately, direct laryn-
goscopy and intubation can be performed in a 
more conventional manner from the right side of 
the patient (Fig. 16.2). An assistant can turn the 
patient’s head to the right and elevate the right 
shoulder slightly to facilitate access to the mouth. 
Tilting the table could improve the accessibility 
as well. The head and neck can also be placed in 
the familiar sniffing position. This technique of 
laryngoscopic intubation in prone patients has 
been shown to be effective (99% success rate) 
and safe [49]. In addition to direct laryngoscopic 
intubation, alternative intubating techniques can 

be considered. These include the use of a flexible 
bronchoscope, an intubating LMA (LMA-
Fastrach™, LMA North America Inc., San 
Diego, CA), light-guided intubation using the 
Trachlight™ (Laerdal Medical Corp., Wappingers 
Falls, New  York), and digital intubation. 
However, there is limited clinical information 
with regard to the effectiveness and safety of 
these intubation techniques in patients in the 
prone position. The selection of a specific tech-
nique will be determined by the experience and 
skills of the clinician. Baer performed endotra-
cheal intubation under direct laryngoscopy in the 
prone position in 200 patients undergoing lumbar 
surgery [49]. Two failed intubations occurred and 
the tracheas of these patients were then intubated 
in the lateral or supine positions, with difficulty 
[49]. Van Zundert et  al. [50] successfully intu-
bated the trachea under direct laryngoscopy after 
induction of general anesthesia in a patient lying 
prone with a penetrating thoracic spine injury 
from a pair of scissors. We believe that tracheal 
intubation of patients in the prone position should 
be reserved for rescue situations and not used in 
the elective setting. In principle, there might be 
an advantage to use video-laryngoscope (VL) to 
overcome the difficulty of obtaining a direct view 
in patient lying prone. In practice, if laryngos-
copy is performed using the right hand with the 
clinician facing the patient, visualization of the 
glottis is difficult as the glottic image is inverted, 
making the placement of the ETT more challeng-
ing (Fig. 16.3).

Fig. 16.1  Tracheal intubation of a manikin placed in the 
prone position: Laryngoscopic intubation using a 
Macintosh laryngoscope can be performed from the front 
of the manikin with the right hand holding the laryngo-
scope. The inset shows the laryngoscopic view of this 
technique. The vocal cords (VC) and the arytenoid carti-
lages (AC) can be visualized easily

Fig. 16.2  Laryngoscopic intubation of a manikin placed 
in the prone position: Laryngoscopic intubation can also 
be performed from the side (right) of the manikin
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If BMV, the insertion of an EGD, and tracheal 
intubation fail, and it is not possible to turn the 
patient to a supine position (e.g., a lack of a 
stretcher or bed) and in the presence of hypoxemia, 
an attempt of surgical airway should be made. The 
access might be difficult, but turning the patient on 
his side or tilting the table in addition to turning the 
patient’s head could improve accessibility to the 
neck. Latest guidelines suggest that a scalpel tech-
nique should be the preferred approach unless one 
is particularly experienced with the needle 
(Seldinger) technique [3, 5]. Moreover, a few stud-
ies have demonstrated that the success rate of iden-
tifying the cricothyroid membrane (CTM) is poor 
(about 30–40%), except in nonobese adult males 
with the success rate as high as 70% [51–55]. It 
appears that a vertical incision of the neck fol-
lowed by digital dissection and palpation of the 
membrane before CTM incision would be more 
successful than the needle technique [56]. The 
simplest technique involves the use of a scalpel 
with a #10 blade, a tracheal introducer (commonly 
known as the “bougie”), and a size 6.0-mm ID 
ETT [5]. In an emergency situation, a simple tech-
nique reduces the cognitive load and may increase 
its success rate [5]. However, it would be prudent 
for all clinicians to make every effort to turn the 
patient supine (including lying the patient on the 
operating room floor on top of a sterile drape if no 

bed or stretcher is available) so that the airway can 
be managed properly, and perform a surgical air-
way in prone position only as a last resort in an 
emergency situation,

Apart from turning the patient supine, a lateral 
position can be achieved easily on a regular OR 
table with the bolsters removed for airway man-
agement. The left lateral decubitus is preferred by 
some clinicians for direct laryngoscopy and intu-
bation, as gravity will help to displace the tongue 
to the left and facilitate visualization of the glottis 
[45]. Others prefer the right lateral decubitus posi-
tion as in this position, the clinician’s left arm has 
more room to maneuver during the procedure. The 
tongue can still be easily displaced by the laryngo-
scope in the right lateral decubitus position. 
However, direct laryngoscopy may be more chal-
lenging as the saliva and secretions may obscure 
the view of the glottis if the patient is in the right 
lateral decubitus position. Nathanson et  al. [57] 
reported the tracheal intubation of a manikin in the 
lateral position to be more difficult than in the 
supine position. The ease of intubation increased 
with each subsequent attempt, indicating that 
operator experience was a confounding factor 
[57]. An assistant may be necessary to stabilize the 
head, neck, and body while performing an intuba-
tion in a patient in the lateral decubitus position. 
Successful tracheal intubation for patients placed 
in the lateral position using the intubating LMA 
(Fastrach™, LMA North America, San Diego) 
and the lighted stylet have been reported [58–60]. 
However, skills and experience with these tech-
niques are important to increase the chance of suc-
cessful intubation. It should be emphasized that 
blind techniques should only be used after visual 
techniques have failed as airway anatomic distor-
tion may be present.

In summary, the urgent situation of a dislodged 
ETT should be clearly communicated to all operat-
ing room staff. Additional help and equipment 
should be summoned. If not contraindicated, the 
patient should be turned back to the supine position 
as it makes securing the airway a lot easier. In the 
meantime, reestablishment of oxygenation should 
be the priority (BMV, EGD, tracheal intubation, 
and surgical airway). If oxygenation is reestab-
lished, a planned strategy to secure the airway 

Fig. 16.3  Tracheal intubation of a manikin placed in the 
prone position: Video-laryngoscopic intubation can be 
performed from the front of the manikin with the right 
hand holding the video-laryngoscope (CMAC) and the 
left hand advancing the ETT. While the inverted image of 
the vocal cords and the arytenoid cartilages (AC) can be 
visualized easily on the monitor, the advancement of the 
ETT is quite challenging because of the inverted images
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should be discussed. If a rescue EGD can provide 
adequate ventilation and oxygenation in the prone 
position, the surgical procedure can be resumed 
under only certain circumstances, such as a short 
duration procedure or at the end of the surgery and 
a patient with a low risk of pulmonary aspiration.

16.4.3	 �Other Airway Considerations

A sudden increase in airway pressure in a patient 
lying in a prone position is commonly associated 
with light anesthesia. Simply deepening the anes-
thesia, or administration of a muscle relaxant 
would generally be sufficient to mitigate the 
problem. However, other causes of an increase in 
airway pressure may be more challenging.

While an increase in airway pressure is gener-
ally anticipated in a patient placed in the prone 
position, scientific evidence is scarce. When 
comparing different respiratory variables between 
supine and prone position in non-obese adult 
patients under general anesthesia, Pelosi et  al. 
[61] reported that there is a small (20%) but sta-
tistically significant increase in the respiratory 
system resistance. This was secondary to 
increased resistance from the chest wall and was 
without any clinical consequences. They stated 
clearly that patients were positioned to assure 
free abdominal movements. On the other hand, 
functional residual capacity (FRC) and PaO2 
were significantly increased in the prone position 
compared to the supine position. In ten obese 
adult (BMI 30–46) patients, the same investiga-
tors showed, again, an increase in FRC and PaO2 
[62]. In those patients, resistance was similar in 
both positions, lung compliance was higher, and 
chest wall compliance was lower in prone posi-
tion, with a resultant unchanged system compli-
ance. In 1959, a study showed a significant 
decrease in compliance when a patient is mechan-
ically ventilated in the prone position, but the 
chest and the abdomen wall could not move as 
freely as in a contemporary prone positioning 
[63]. Interestingly, prone position ventilation of 
critically ill patients suffering from ARDS was 
associated with reduced mortality in a random-
ized controlled trial [64] in 2013. In other words, 

the prone position in itself should not increase 
airway pressures and, therefore, other causes 
should be determined if it increases under anes-
thesia in a patient placed in prone position.

Should an increase in airway pressure be 
detected, an endobronchial intubation is a likely 
possibility depending on the head and body posi-
tion. Indeed, the ETT has been shown to migrate 
toward the carina when the neck is flexed. Slight 
oxygenation desaturation would accompany the 
rise in airway pressures if this is secondary to 
endobronchial intubation. Particular attention 
should be paid to the position of the ETT cuff 
which is usually around 1–2 cm below the vocal 
cords following tracheal intubation and confir-
mation of the ETT placement.

Another possible cause of an intraoperative 
increase in airway pressure is tension pneumotho-
rax, especially in surgery of the thoracic spine. If 
there is a significant leak, the pressure might build 
up (tension pneumothorax) and there would be seri-
ous hemodynamic repercussions. Clinical signs 
include a decrease in breath sounds ipsilaterally, 
tracheal deviation, distended neck veins, and subcu-
taneous emphysema. If tension pneumothorax is 
promptly recognized and if there are no contraindi-
cations, the patient should be turned back to the 
supine position to proceed to chest decompression 
[65] as the second intercostal space in the midcla-
vicular line is not readily accessible for needle 
decompression in the prone position. Similarly, the 
anterior axillary line which is the usual site to insert 
a thoracic drainage tube might not be easily acces-
sible. Turning the patient to a lateral position to have 
access for decompression is a viable option if it is 
not possible to turn the patient supine. Alternatively, 
the surgeon can temporarily decompress the pneu-
mothorax posteriorly and a proper thoracic drainage 
tube can be placed at the end of the procedure after 
the patient returns to supine position.

16.5	 �Change in Airway Anatomy

Anatomic distortion of the airway can occur due to 
factors inherent to the trauma associated with air-
way management following induction of anesthe-
sia, the surgical procedure (around the cervical 
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spine), the prone position, or to the airway man-
agement of the dislodged ETT. Cervical vertebral 
fixation and surgical manipulation of oropharyn-
geal and neck tissues can alter airway anatomy. 
Bleeding into the airway and hematoma formation 
can be associated with neck surgery. Prolonged 
surgical procedures with significant blood loss 
may be associated with airway edema due to fluid 
resuscitation. Direct pressure on facial and neck 
structures and a dependent position compromise 
venous drainage and contribute to edema forma-
tion. Airway edema can alter the appearance of 
laryngeal structures and can make visualization of 
the larynx difficult [66–68]. Edematous tissues 
may also be more easily traumatized. All these are 
important issues to consider prior to extubation at 
the conclusion of the surgical procedure.

16.6	 �Fluid Management 
for Patients in Prone Position

16.6.1	 �Fluid Distribution

Total body water (TBW) is approximately 60% 
of body weight, which is divided into intracellu-
lar volume (two-thirds of TBW) and extracellular 
volume (ECV) (one-third of TBW). The latter 
can also be divided into intravascular volume 
(one-fifth of ECV) and interstitial volume (four-
fifths of ECV). Sodium-free fluid tends to distrib-
ute in TBW, which means that approximately 
67 mL of 1 L of D5W (5% dextrose in water) or 
sterile water will stay in the intravascular space 
after redistribution (1 L × 1/3 = 333 mL as extra-
cellular volume; 333 mL × 1/5 = 67 mL as intra-
vascular volume). If the solution contains sodium, 
it tends to distribute in the ECV only, which 
means that approximately 200  mL of 1  L of 
Ringer’s Lactate or normal saline will stay in the 
intravascular volume after redistribution (1 L × 
1/5 = 200 mL as intravascular volume). Whatever 
the fluid volume that is outside the intravascular 
space will be distributed everywhere in the body. 
In other words, the amount of tissue edema is 
directly related to the amount of crystalloid fluid 
administered. Colloids, on the other hand, will at 
least stay within the intravascular space and, 

depending on their osmotic pressure, can even 
attract more free water from the interstitial space.

16.6.2	 �Fluid Management 
to Minimize Edema 
in the Patient in Prone 
Position

Tissue edema, particularly in the dependent 
areas, can occur in surgical procedures involving 
significant fluid shifts secondary to fluid adminis-
tration to compensate for the blood loss. Tissue 
fluid tends to accumulate in the face and the 
upper airway of the patient when placed in prone 
position. Therefore, to minimize facial and air-
way edema, all attempts should be made to mini-
mize crystalloid fluid administration during 
procedures performed in the prone position. 
Judicious amount of vasopressors (e.g., phenyl-
ephrine or norepinephrine) can be used to main-
tain adequate perfusion to major organs without 
administration of a large volume of crystalloid. In 
lieu of large amounts of crystalloid solutions, it 
would be prudent to administer colloid solutions, 
such as hydroxyethyl starch solutions or 5% 
albumin. Although the efficacy of this approach 
has not been scientifically validated, it is our 
practice to use colloid solutions judiciously in 
order to limit crystalloid use to under 2 L in total.

However, colloids may be associated with 
adverse outcomes in certain populations. The 
CHEST trial [69] in 2012, concluded that 6% 
HES increased the necessity for renal replace-
ment therapy in patients in the intensive care 
units. In a meta-analysis study in 2013, 
Zarychanski et al. [70] reported that Hydroxyethyl 
starch is associated with an increased risk of 
acute kidney injury and mortality in critically ill 
patients requiring acute volume resuscitation. On 
the other hand, in the same patient population, 
4% albumin was not associated with worse out-
comes, although less total fluid volume was 
administered [71]. However, in patients with 
traumatic brain injury, albumin is associated with 
higher mortality [72]. A recent meta-analysis 
including randomized controlled trials of HES 
versus crystalloid use in elective noncardiac 
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surgical patients found a trend toward increased 
mortality within 90 days [73]. However, studies 
included in the analysis had small sample size, 
and more data are needed to draw valid conclu-
sions about the use of colloids.

Venous drainage of the head and neck can be 
optimized by keeping the head elevated (e.g., 
reverse Trendelenburg position) if possible and 
avoiding compression or kinking of internal jug-
ular veins. If the head must be turned to one side 
for airway or surgical access, the degree of rota-
tion should be minimized.

16.6.3	 �Assessment and Management 
of Airway Edema

The development of edema in the hypopharynx 
and larynx while in the prone position can pro-
duce airway obstruction following extubation. 
Clinical signs, such as facial, orbital, or conjunc-
tival edema, distended neck veins, and venous 
congestion of the head may indicate the presence 
of upper airway edema. The use of a flexible 
nasopharyngoscope to assess the extent of airway 
edema prior to tracheal extubation may be help-
ful [74], although there have been no studies to 
confirm its clinical utility.

Unfortunately, there are no scientifically vali-
dated methods to assess the degree of airway 
edema or to predict postextubation airway obstruc-
tion. The performance of a leak test prior to extu-
bation in patients with suspected airway edema 
has been suggested [75]. The leak test measures 
the difference between the tidal volume before 
and after cuff deflation in a mechanically venti-
lated patient. Confusion persists as to whether a 
test is positive or negative when a sufficient leak is 
present. However, a higher cuff leak volume 
(>88–140  mL or >10–18% of the pre-deflation 
expired or inspired volume [76]) has been shown 
to indicate that airway patency is sufficient to tol-
erate extubation without post-extubation stridor 
(PES). The leak test can also be performed by 
deflating the endotracheal tube cuff in a spontane-
ously breathing patient without ventilator support 
and then occluding the proximal end of the ETT. A 
positive leak test is confirmed when there are 

signs of an audible leak or coughing around the 
endotracheal tube. The absence of a leak and/or 
coughing are positive predictors for PES [77]. In 
2009, Ochoa et  al. [76] published a systematic 
review and meta-analysis of studies including 
more than 50 patients and assessing the diagnostic 
accuracy of the cuff leak test for upper airway 
obstruction. The pooled sensitivity and specificity 
were 56% and 92% respectively. This test was 
therefore deemed useful to alert the clinician of 
the high risk of upper airway obstruction when the 
leak was lower than the predefined threshold. 
However, a leak that is higher than the predefined 
threshold does not rule out PES. Another system-
atic review found that the specificity is higher in 
patients with an endotracheal tube for more than 
5 days [78]. Multiple studies have found the leak 
test to be either helpful for predicting adverse 
events [79–81] or not helpful [82–86], although 
they all suffer from many study design limitations. 
Therefore, clinicians should recognize the poten-
tial limitations of the cuff leak test and further-
more, all studies tested patients in intensive care 
units and may not be applicable for postoperative 
extubation in the operating room in patients placed 
in prone position.

Laryngeal ultrasound may be an emerging 
method for assessing laryngeal anatomy. Lakhal 
et  al. [87] showed a strong correlation between 
laryngeal ultrasound and MRI for measuring tra-
cheal diameter at the cricoid ring in 27 young 
adults. Ding et  al. [88] reported a pilot study 
using a laryngeal ultrasound to predict PES in 41 
patients. The investigators used real-time ultraso-
nography to evaluate the air leak and to deter-
mine the relationship between the air column 
width during cuff deflation and the development 
of PES.  The results of this study suggest that 
laryngeal ultrasonography could be a reliable, 
noninvasive method in the evaluation of laryn-
geal morphology and airflow through the upper 
airway. Unfortunately, a recent prospective study 
involving 41 critically ill patients concluded that 
the sensitivity, specificity, and positive predictive 
value of this method are low [89]. On the other 
hand, another recent prospective observational 
study on 101 critically ill patients concluded that 
ultrasonography is a promising tool to predict 
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successful extubation regarding laryngeal edema 
[90]. Clearly, more studies, especially random-
ized controlled trials, are needed to demonstrate 
the clinical utility of this approach as part of the 
pre-extubation airway evaluation.

Other predictors of PES include length of 
intubation, female gender, body mass index, and 
ratio of ETT size to laryngeal diameter [85, 91]. 
Kwon et al. [92] reported total operative time and 
the volume of crystalloid and transfused blood 
given to be risk factors for delayed extubation.

If the leak test is positive (sufficient air leak) 
but there is evidence of facial and possible airway 
edema, it would be prudent to perform extubation 
over a tracheal tube exchange catheter (Cook 
Critical Care, Bloomington, IN) to provide a 
means for ventilation should post-extubation air-
way obstruction occur.

If the leak test is negative (i.e., no or minimal 
air leak), it would be prudent to delay the extuba-
tion and continue to ventilate and oxygenate the 
patient through the existing ETT until the airway 
edema resolves and a subsequent leak test 
becomes positive. Although failing the leak test 
may not predict post-extubation problems with 
high specificity, using this approach provides the 
greatest margin of safety for the patient. 
Appropriate treatment of airway edema includes 
elevation of the head and the use of steroids and 
diuretics, although the efficacy of these measures 
has not yet been validated. Two recent meta-
analyses [93, 94] provided a comprehensive 
review of the effect of steroids on PES and 
showed that there is evidence to support multiple 
doses of steroids given 12–24 h prior to extuba-
tion for prevention of PES in high-risk adult 
patients (as determined by the cuff leak test). 
Although the evidence for prophylactic steroids 
in neonates or children is less clear, there is a 
trend toward benefit and therefore should be con-
sidered for high-risk patients [94]. While there is 
evidence to support that steroids may reduce the 
amount of airway edema and decrease the risk of 
post-extubation airway obstruction and a 
decreased rate of reintubation, this only applies 
to the pediatric population [95–99]. Moreover, 
airway edema in the prone patient is mostly 
related to excessive amount of fluid that accumu-

lates in dependent areas of the body rather than 
inflammation caused by trauma and infection.

�Conclusion

The clinician dealing with a patient in prone 
position should proceed with tracheal intuba-
tion while the patient is in supine position and 
secure the ETT with appropriate ties or tapes. 
A careful turn to prone position then follows. 
The use of EGDs in this position should be 
limited to select cases.

If the ETT is dislodged during the proce-
dure, operating room personnel should be 
informed and appropriate equipment should be 
summoned. Every effort should be made to 
ensure a rapid return to the supine position in 
order to deal with the airway. However, if turn-
ing to supine position is not possible, immedi-
ate airway management to ensure continuous 
oxygenation should include BMV, the use of an 
EGD, tracheal intubation, and surgical airway.

To minimize airway edema judicious amount 
of crystalloid solutions, colloids, and blood 
products, as well as vasopressors should be 
administered. Prior to extubation, nasopharyn-
goscopic examination and a leak test may be 
useful to assess airway edema. If there are con-
cerns with airway edema, the ETT should be 
left in place with the patient placed in a semi-
sitting position, and appropriate amount of 
diuretics should be administered. Airway edema 
should be reassessed prior to extubation.
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Anaesthetic Considerations 
in Posterior Fossa Surgery

Anju Grewal, Nidhi Bhatia, and Sandeep Kundra

17.1	 �Introduction

Posterior fossa accords significant neurological 
status since it houses very important structures of 
the brain which are packed in a very constricted 
space. The lesions of this area, thus, cause signifi-
cant morbidity and mortality just by virtue of 
being in a very adverse location [1]. However, 
with advances in medical and surgical technolo-
gies, increasingly large number of patients are 
undergoing successful surgeries for posterior 
fossa pathologies. These surgeries are extremely 
challenging for both the surgeon as well as the 
anaesthesiologist because of the demanding, del-
icate nature of the surgical procedure and the 
long hours involved. The main challenges faced 
by the anaesthesiologist are due to peculiar 
patient positioning, chances of excessive bleed-
ing owing to venous sinus injury, intraoperative 

risk of cranial nerve dysfunction, high probabil-
ity of venous air embolism and predisposition to 
upper airway oedema necessitating postoperative 
ventilatory support [2].

17.2	 �Posterior Fossa: Boundaries [3]

The base of the skull is divided into anterior, mid-
dle and posterior cranial fossae. Posterior fossa is 
the deepest cranial fossa and is surrounded ante-
riorly by the dorsum sellae and basilar portion of 
the occipital bone (clivus), posteriorly and inferi-
orly by the occipital bone, superiorly by the dural 
layer (tentorium cerebelli) and laterally there are 
the petrosal and mastoid components of the tem-
poral bone. It is limited posteriorly and inferiorly 
by the foramen magnum, which is the largest 
opening of the posterior fossa. Other openings in 

A. Grewal (*) 
Department of Anaesthesiology, Dayanand Medical 
College & Hospital, Ludhiana 141001, Punjab, India 

Journal of Anaesthesiology Clinical Pharmacology 
(JOACP), Dayanand Medical College & Hospital, 
Ludhiana 141001, Punjab, India 

DMCH-AHA Training Site, AHA -BLS & ACLS 
Courses, Dayanand Medical College & Hospital, 
Ludhiana 141001, Punjab, India 

Joint Secretary, Association of Obstetric 
Anaesthesiologists (AOA), Udaipur 313003, 
Rajasthan, India
e-mail: anjugrewal@yahoo.co.in;  
dranjugrewal@gmail.com 

N. Bhatia 
Department of Anaesthesia & Intensive Care, 
PGIMER, Chandigarh, India
e-mail: nidhi.bhatia75@gmail.com 

S. Kundra, MD (ANES), PDCC 
Department of Anaesthesia, Dayanand Medical 
College & Hospital, Ludhiana 141001, Punjab, India
e-mail: sandeepkundra07@gmail.com

17

mailto:anjugrewal@yahoo.co.in
mailto:dranjugrewal@gmail.com
mailto:dranjugrewal@gmail.com
mailto:nidhi.bhatia75@gmail.com
mailto:sandeepkundra07@gmail.com


204

the posterior fossa include the internal acoustic 
meatus, condylar canal and the jugular foramen. 
Important structures occupying posterior fossa 
include the cerebellum, pons, medulla oblongata 
and lower cranial nerves. The sigmoid, transverse 
and occipital sinuses also traverse the fossa.

17.2.1	 �Clinical Relevance of Posterior 
Fossa Anatomy

The anatomical location of posterior fossa, also 
known as the infratentorial fossa, makes it a dif-
ficult site to be surgically accessed. Further, it is 
a rigid and compact compartment with poor com-
pliance. Thus, even a small volume addition to 
this non-compliant space, in the form of tumours 
or haematoma, can result in significant elevation 
of the compartmental pressure, resulting in life-
threatening brainstem compression.

17.3	 �Posterior Fossa Pathologies 
[4–6]

Posterior fossa neurosurgical disorders can be 
classified on the basis of aetiology and location 
(Table 17.1).

17.4	 �Anaesthetic Challenges 
in Posterior Fossa Surgeries 
[3, 7, 8]

	1.	 Presence of vital structures: The presence of 
vital structures in the posterior fossa, particularly 
the brainstem, cerebellum and cranial nerves 
along with the limited space, makes performing 
surgical procedures in this area challenging.

	2.	 Difficult surgical access: Surgical access to 
the posterior fossa, due to its anatomical loca-
tion, is particularly difficult. Adding to the dif-
ficulty is the fact that the compartment is 
compact and poorly compliant.

	3.	 Extreme positions: Posterior fossa surgeries 
are performed in extreme positions, including 
the lateral, park-bench, sitting or prone posi-
tion. Each surgical approach is associated 
with its set of advantages and inherent risks.

	4.	 Long operative durations: Long duration of sur-
gery in extreme positions poses a challenge to 
both the surgeon as well as the anaesthesiolo-
gist. Important considerations include securing 
and maintaining the airway, maintenance of 
adequate anaesthetic depth, haemodynamic sta-
bility and oxygenation. Also important are pres-
ervation of invasive monitors and intravenous 
catheters, and protecting the patient against 
pressure injuries to the skin, peripheral nerves 
and pressure-sensitive organs such as eyes.

	5.	 Venous air embolism (VAE): This is a poten-
tially fatal complication of posterior fossa sur-
gery, especially seen in surgeries performed in 
sitting position (though VAE is possible in lat-
eral and prone positions as well). Its incidence 
ranges from 25 to 50% in studies using precor-

Table 17.1  Classification of posterior fossa pathologies

I. Aetiology

 � Tumour 
pathology:

 �   A. Anterior 
compartment 
tumours:

Intra-axial: gliomas

Extra-axial: acoustic 
schwannoma, meningioma, 
epidermoid tumours, cysts, 
glomus tumours and metastases

 �   B. Posterior 
compartment 
tumours:

Predominantly intra-axial 
tumours: cerebellar astrocytoma , 
medulloblastoma , ependymoma, 
haemangioblastoma, lymphoma 
and metastases.

 � Vascular 
pathology:

Includes aneurysms and 
arterio-venous malformations 
which can arise from the 
vertebro-basilar system and the 
arteries of the posterior inferior 
cerebellar system

 � Traumatic 
pathology

 � Infectious 
pathology

II. Location

 � Midline 
syndrome

 � Cerebellar 
hemisphere-
syndrome

 � Ponto-cerebellar 
angle syndrome

 � Brainstem 
syndrome
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dial Doppler monitoring. However, investiga-
tors using a more sensitive transoesophageal 
echocardiography monitoring have reported 
an incidence of VAE as high as 76%.

	6.	 Postoperative ventilatory support: Patients 
undergoing posterior fossa surgeries are at a 
higher risk to need postoperative ventilatory 
support. The main indications for this are 
brainstem handling, lower cranial nerve pal-
sies resulting in absence of gag and cough 
reflex, prolonged surgical duration, hypo-
thermia, intraoperative tense brain and 
unresponsive patients at the end of 
procedure.

17.5	 �Goals of Anaesthesia [2, 9]

In all neurosurgical procedures, in addition to the 
pathological and surgical processes, anaesthetic 
agents also interact with brain structures and 
functions. In addition to maintaining systemic 
haemodynamic stability, the aims of anaesthetic 
technique include:

	1.	 Ensuring optimal cerebral perfusion pressure 
(CPP)

	2.	 Maintaining a stable intracranial pressure 
(ICP)

	3.	 Maintaining cerebrovascular reactivity to 
changes in PaCO2

	4.	 Cerebral protection
	5.	 Preserving cardiovascular responsiveness to 

surgical manipulation of brainstem structures
	6.	 Rapid patient awakening for early postopera-

tive neurological assessment
	7.	 Early detection and management of 

complications

17.6	 �Preoperative Evaluation 
and Preparation [2, 3, 9]

In addition to applying the basic principles for 
assessment of general health for any surgical pro-
cedure, a thorough preoperative evaluation of 
neurological condition, cardiorespiratory status 
and assessment of co-existing medical condition 
with a view to optimization needs to be per-

formed for the safe conduct of anaesthesia for 
posterior fossa surgery. Some of the vital aspects 
of preoperative evaluation include:

	1.	 Detailed medical history: A detailed medi-
cal history needs to be elucidated with spe-
cial emphasis on assessment of the signs, 
symptoms and complications related to pos-
terior fossa lesion. Children having poste-
rior fossa tumours need to be assessed for 
presence of complications such as diabetes 
insipidus. In hypertensive patients, the lim-
its of cerebral autoregulation are shifted 
towards right, thus identification of such 
patients is important so as to avert inadver-
tent cerebral ischaemia.

	2.	 Evaluation of hydration status: Dehydration 
and associated electrolyte disturbances are 
common in this patient group and its origin is 
multifactorial. It could be due to reduced oral 
intake following decreased conscious level, 
vomiting, diuretic administration, diabetes 
insipidus and use of intravenous contrast 
agents. Incremental administration of intrave-
nous fluids before induction may limit hypo-
tension during anaesthesia induction and 
positioning. Application of lower limb com-
pression stockings may also limit venous pool-
ing in the legs.

	3.	 Evaluation of cranial nerve and cerebellar 
dysfunction: Presence of lower cranial nerve 
compression and dysfunction may result in 
the loss of gag reflex or impaired cough and 
aspiration pneumonitis. In some patients with 
bulbar dysfunction, postoperative ventilation 
or tracheostomy may be necessary to protect 
the airway. Signs of cerebellar dysfunction 
such as ataxia, dysarthria, gait disturbances 
and intentional tremors should be looked for 
and recorded.

	4.	 Evaluation for presence of raised intracranial 
pressure (ICP): Decreased level of conscious-
ness and altered respiratory pattern may indi-
cate the presence of raised ICP, predicting 
tight brain and difficult operating conditions. 
Prior to the definitive posterior fossa surgery, 
management of hydrocephalus by external 
ventricular drainage or other shunt procedures 
may be required in such patients.
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	5.	 Evaluation for intraoperative patient posi-
tioning: Patients should be carefully assessed 
for optimal intraoperative patient positioning. 
Sitting position is contraindicated in patients 
with patent foramen ovale (PFO), which has 
an incidence of 10–35%.

	6.	 Airway assessment: Assessment of difficulty 
in airway management is important. 
Craniovertebral junctional abnormalities can 
lead to instability of the spine or reduced neck 
movements posing a challenge for securing 
the airway for anaesthesia.

	7.	 Assessment of vascular access: Suitability of 
vascular access for right atrial catheter place-
ment helps determine the most promising 
route. Obese patients, those with poor vascu-
lature due to disease or chronic intravenous 
cannulation, or patients with short, thick necks 
need to be identified early so that necessary 
time may be allotted for catheter placement.

17.7	 �Premedication

Administration of premedication depends on the 
patient’s physical status, level of anxiety and 
presence of raised ICP. Narcotic premedication is 
avoided in patients with space-occupying lesions 
or hydrocephalus as narcotics may result in 
hypoventilation and CO2 retention, thus elevating 
ICP. Mild anxiolysis provided by low-dose ben-
zodiazepines is often prescribed.

17.8	 �Intraoperative Monitoring 
[10–15]

17.8.1	 �Goals of Monitoring

	1.	 Ensure adequate cerebral perfusion
	2.	 Maintain cardiorespiratory stability
	3.	 Detect and treat air embolism

Table 17.2 lists the monitors used in patients 
undergoing posterior fossa surgery.

Routine Monitoring  This should include five-
lead electrocardiogram, pulse oximetry, capnog-
raphy, temperature, urine output, non-invasive 

and invasive blood pressure monitoring. Invasive 
arterial monitoring is mandatory and allows mea-
surement of beat-to-beat variability. The arterial 
transducer should be placed at the level of exter-
nal auditory meatus to correlate with cerebral 
perfusion. Central venous catheters are also rou-
tinely inserted in these patients, especially in 
those undergoing surgery in sitting position. In 
addition to allowing assessment of volume status, 
central venous catheters allow aspiration of air 
during venous air embolism.

Special Monitoring  These include monitors 
that are not routinely used but provide special-
ized information during certain procedures.

Neurophysiological Monitoring  Due to the con-
centration of the nerve structures in the brain stem, 
minor damage in the brain stem can cause devastat-
ing complications. Various neurological monitoring 
techniques such as somatosensory-evoked poten-
tials (SSEPs) and brain stem auditory-evoked 
potentials can help to avert such potential complica-
tions. SSEP can be used to monitor spinal cord isch-
aemia in the sitting position and brainstem 
auditory-evoked potentials to monitor the function 
of the VIII cranial nerve and are particularly impor-
tant for cerebellopontine angle surgery and/or for 
microvascular decompression. The electroencepha-
logram can be used to detect cerebral hypoperfu-
sion and cortical ischaemia. Continuous EMG 

Table 17.2  Monitors for posterior fossa surgery

Routine monitors

 � Five-lead electrocardiogram
 � Pulse oximetry
 � Capnography
 � Blood pressure monitoring (non-invasive and 

invasive)
 � Temperature monitoring
 � Urine output
 � Central venous catheter
Special monitors

 � Neurophysiological monitoring (somatosensory and 
brain stem auditory-evoked potentials, 
electroencephalogram, EMG monitoring)

 � Precordial Doppler
 � Transoesophageal echocardiography and Doppler
 � Pulmonary artery (PA) catheter
 � End-tidal nitrogen (ETN2) monitoring
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monitoring of the VIth and VIIth cranial nerves 
enhances operative safety and facilitates aggressive 
monitoring during microvascular decompression, 
surgery for fourth ventricle tumours and during 
acoustic neuroma surgery.

17.9	 �Anaesthesia Technique  
[9, 16–19]

Induction  Invasive blood pressure monitor-
ing established prior to anaesthesia induction 
allows tight control of blood pressure and 
cerebral perfusion pressure during induction 
and intubation, especially in patients with ele-
vated ICP.  Induction can be achieved by 
administering a judicious dose of induction 
agent, either thiopental or propofol, an opiate 
and a muscle relaxant. The need for vasopres-
sor administration may arise following induc-
tion of anaesthesia or positioning, especially 
in chronically hypertensive or debilitated 
patients. Further, verification of correct endo-
tracheal tube placement is important after final 
positioning, as intraoperative access to the air-
way is limited.

Armoured endotracheal tube should be pre-
ferred over PVC endotracheal tubes since these 
are less liable to kinking in the prone or sitting 
positions. Verification of appropriate placement 
of the endotracheal tube after final positioning, 
but before surgical incision, is very important, 
regardless of the position employed.

Intraoperative access to the airway is limited 
and neck flexion or extension can produce cau-
dad or cephalad displacement of the endotracheal 
tube, respectively, by as much as 2 cm.

Maintenance  The technique used to maintain 
anaesthesia should be chosen keeping the follow-
ing goals in mind:

	1.	 Maintaining adequate analgesia and amnesia
	2.	 Preserving adequate cerebral perfusion  

pressure
	3.	 Preventing increases in ICP
	4.	 Preservation of autonomic system activity
	5.	 Rapid awakening after discontinuation of 

anaesthetic agents

Controlled positive-pressure ventilation with 
muscle paralysis is the most common technique 
employed since this allows maintaining lighter 
planes of anaesthesia and hyperventilation and 
eliminates chances of patient movement.

Anaesthesia can be maintained with either 
volatile agents or infusion of propofol, depending 
on the preference of individual anaesthetist. 
However, propofol infusion owing to its property 
of reducing cerebral blood volume (CBV) and 
ICP and preserving autoregulation and vascular 
reactivity is often relied upon by most neuro-
anaesthesiologists. While using volatile agents, 
care should be taken to avoid using concentra-
tions greater than 1 MAC as increase in ICP may 
result. In patients with a high risk of VAE or 
pneumocephalus, nitrous oxide is often avoided.

Liberal fluid administration may be required 
in posterior fossa surgeries being performed in 
head-elevated, prone position. Further, one 
should be careful as administration of osmotic 
and loop diuretics often required intra-operatively 
may predispose patients to electrolyte distur-
bances or cardiovascular instability.

Emergence  Emergence from anaesthesia should 
be smooth, minimizing coughing and straining 
on the endotracheal tube, ensuring rapid awaken-
ing and return of adequate motor strength. 
Decision to keep the patient on postoperative 
ventilatory support can be made based on the 
presence of one or more of the following:

	1.	 Extensive brainstem manipulation with 
increased probability of postoperative brain-
stem oedema

	2.	 Brainstem injury caused by difficult tumour 
resection

	3.	 Preoperative lower cranial nerve dysfunction 
and potential for aspiration pneumonia

	4.	 Failure of return of gag reflex
	5.	 Extensive intraoperative dissection, particu-

larly in the floor of the fourth ventricle and 
around the cranial nerve nuclei, resulting in 
postoperative airway compromise

	6.	 Presence of preoperative co-morbidities
	7.	 Presence of airway oedema after prolonged 

prone positioning and tongue swelling after 
the sitting position
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Inputs from Neurosurgeon are invaluable and 
close communication between surgeon and 
anaesthesiologist is essential to make a plan for 
postoperative ventilation. Patients who are kept 
on elective postoperative ventilation should be 
sedated so as to avoid coughing on the endotra-
cheal tube which induces increases in ICP.

ICP monitoring should be considered if post-
operative ventilation is required because hydro-
cephalus remains a risk. Postoperative 
hypertension should be carefully managed to 
avoid intracranial bleeding and haematoma for-
mation. Failure to recover from anaesthesia 
should prompt further investigations such as 
imaging of the brain stem to exclude any 
complications.

17.10	 �Postoperative Management 
[9, 10]

The main concerns in the postoperative period 
following posterior fossa surgery are:

	1.	 Pain: Occipital and infratentorial approaches 
are associated with severe postoperative pain 
due do extensive muscle cutting.

	2.	 Postoperative nausea and vomiting 
(PONV): All patients undergoing surgery on 
the posterior fossa should be considered to 
be at high risk of PONV because of the 
proximity of the vomiting centre to the sur-
gical site.

Any deterioration in the neurological status 
should be promptly noted and investigated.

17.11	 �Patient Positioning  
[12, 20, 21]

A number of different patient positions can be 
used to obtain surgical access to the posterior 
fossa (Table 17.3). Patients should be positioned 
gradually, so that the cardiovascular system 
adapts to the physiological changes associated 
with positioning and thus, hypotension can be 
prevented or mitigated.

17.11.1	 �Supine Position with 
Maximal Rotation to the 
Contralateral Side

This position is used for access to the lateral 
structures of the posterior fossa.

Up to 45° can be achieved by lateral rotation 
and anything beyond that can be achieved by ele-
vation of the ipsilateral shoulder using a roll or a 
pillow. This might, however, not be possible in 
patients with impaired neck movement. Reverse 
Trendelenburg positioning is also usually done to 
improve venous drainage from the brain. We need 
to remember that each 2.5-cm increase in vertical 
height of the head above the level of the heart leads 
to a 2-mmHg reduction in cerebral perfusion.

Disadvantages

	1.	 Lateral rotation is associated with reduced venous 
return from the brain due to compression of inter-
nal jugular vein, thereby theoretically increasing 
the chances for raised intracranial pressure.

	2.	 Extreme lateral rotation for a prolonged 
period can cause macroglossia, so a soft block 
should be placed to avoid injury by the teeth.

	3.	 Risk of brachial plexus stretch and injury. To 
reduce this complication, use of supporting pad 
under the ipsilateral shoulder is advisable.

17.11.2	 �Lateral Position

The lateral position is suitable for unilateral pro-
cedures of the posterior fossa, as it improves sur-
gical access by gravitational retraction of the 
cerebellum, and drainage of CSF and blood from 
the operating field. Drainage can be improved 
further by placing the table in a head-up 
position.

Table 17.3  Patient positions in posterior fossa surgeries

Supine position with maximal rotation to the 
contralateral side
Lateral position
Park-bench position
Prone position
Sitting position

A. Grewal et al.



209

Advantages

	1.	 The incidence of venous air embolism is 
lower than with the prone position.

	2.	 Haemodynamic stability is better when com-
pared to the supine and sitting position.

Disadvantages

	1.	 Peripheral nerve injuries.
	2.	 Gravitational ventilation perfusion mismatch 

in the dependent lung

17.11.3	 �Park-Bench Position

This is the variation of the lateral position, with the 
patient being placed semi-prone (three-quarters 
prone), with the head rotated and neck flexed, 
resulting in the brow facing the floor.

Advantages

	1.	 Better access to the posterior fossa, especially 
the midline structures. In selected patients, the 
park-bench position avoids the need for prone 
position.

	2.	 Less chances of VAE than sitting position.

Disadvantages

	1.	 Peripheral nerve injuries, especially injuries 
to brachial plexus

	2.	 Macroglossia
	3.	 Venous engorgement

17.11.4	 �Prone Position

The prone position facilitates access to the poste-
rior fossa, craniocervical junction and the upper 
spinal cord.

Advantages

	1.	 Lower incidence of VAE.  However, as the 
patient’s head is usually elevated above the 
heart level, so as to decrease venous bleeding, 
the risk of VAE is not completely eliminated.

	2.	 Extreme care and meticulous planning is 
required for making this position, with due 
precautions taken to avoid diaphragmatic 
splinting.

Disadvantages

	1.	 Eye compression can produce blindness from 
retinal artery thrombosis or ischaemic optic 
neuropathy.

	2.	 In patients where the lower limbs lie below 
the level of the right atrium, venous pooling 
may occur, impairing venous return to the 
heart.

	3.	 Increased chances of hypotension at the time 
of putting the patient into prone position.

17.11.5	 �Sitting Position

The sitting position facilitates surgical access but 
presents unique physiological challenges for the 
anaesthesiologist.

This is actually a modified recumbent posi-
tion, with the patient’s skull secured in a three-
pin head holder, legs kept as high as possible to 
promote venous return, arms supported to pre-
vent shoulder traction. In order to prevent cervi-
cal cord stretching and obstruction of venous 
drainage from the face and tongue, it is necessary 
to maintain at least 1-inch space between the chin 
and chest, avoid excessive neck rotation and 
avoid large airways and bite blocks in the phar-
ynx. It is also important to avoid excessive flex-
ion of the knees towards the chest, so as to 
prevent lower extremity ischaemia, sciatic nerve 
injury and abdominal compression.

Advantages of sitting position for the surgeon 
are:

	1.	 This patient position provides optimum access 
to craniovertebral junction and the posterior 
fossa, particularly midline structures and the 
cerebellopontine angle.

	2.	 Improves cerebral venous decompression and 
lowers ICP.

	3.	 Accumulated blood drains away from the 
operative site in the sitting position, thus 
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allowing a cleaner surgical field and rapid 
access to bleeding points.

	4.	 Unobstructed view of patient’s face provides 
easy access to the airway.

	5.	 Favourable changes in ventilatory mechanics 
because abdominal viscera is no longer push-
ing the diaphragm up so there is no restriction 
to inspiration. Adoption of the sitting position 
results in increase in functional residual 
capacity (FRC), but the associated reduction 
in perfusion obviates the expected benefits in 
oxygenation. As there is better diaphragmatic 
excursion, ventilation is unimpeded. Though 
pulmonary vital capacity is improved in sit-
ting position, decreased perfusion of upper 
lung may lead to ventilation or perfusion 
abnormalities and hypoxemia.

17.11.5.1  �Physiological Changes 
in Sitting Position

Sitting position is associated with several charac-
teristic physiological changes:

17.11.5.2  �Cardiovascular System
Cardiovascular effects include increase in pulmo-
nary and systemic vascular resistance and decrease 
in venous return, cardiac output and cerebral per-
fusion pressure. Negative effects on cardiac out-
put, such as dysrhythmias, resulting from 
manipulation or retraction of cranial nerves or the 
brainstem may be more pronounced for patients in 
sitting position rather than supine position.

17.11.5.3  �Respiratory System
Adoption of sitting position results in increase in 
functional residual capacity (FRC), but the asso-
ciated reduction in perfusion obviates the 
expected benefits in oxygenation. As there is bet-
ter diaphragmatic excursion, ventilation is unim-
peded. Though pulmonary vital capacity is 
improved in sitting position, decreased perfusion 
of upper lung may lead to ventilation or perfusion 
abnormalities and hypoxemia.

17.11.5.4  �Cerebral Perfusion 
and Intracranial Pressure

Sitting position is associated with reduction in 
arterial and venous pressures due to gravitational 

effect of head positioning above heart level. 
General anaesthesia and induced hypocapnia are 
known to reduce cerebral blood flow by 34% in 
supine position. Assumption of sitting position 
further reduces this flow by 14%. The conse-
quence of such a reduction in cerebral blood flow 
may be offset by the reduction in cerebral meta-
bolic rate for oxygen (CMRO2) and consequent 
lowering of ischaemic threshold associated with 
anaesthesia.

17.11.5.5  �Complications of Sitting 
Position [1, 11]

17.11.5.6  �Hypotension and 
Dysrhythmias

Cardiovascular effects of sitting position include 
increase in pulmonary and systemic vascular 
resistance and decrease in venous return, cardiac 
output and cerebral perfusion pressure. Negative 
effects on cardiac output, such as dysrhythmias, 
resulting from manipulation or retraction of cra-
nial nerves or the brainstem may be more pro-
nounced for patients in sitting position rather 
than supine position.

17.11.5.7  �Venous Air Embolism (VAE)
VAE is a potentially life-threatening complica-
tion, caused by the entry of air into peripheral or 
central vasculature. The incidence of VAE varies 
from 25 to 75% during surgery in the sitting posi-
tion depending on the sensitivity of the monitor-
ing used. In the sitting position, the site of surgery 
is above the level of the heart, which results in a 
negative venous pressure at the level of surgical 
wound. Open veins and venous sinuses thus, may 
entrain atmospheric air into the circulation, 
resulting in VAE.  Dehydration exacerbates the 
low venous pressure and increases the risk of air 
entrainment.

Clinical Features  Morbidity and mortality are 
directly related to the amount and rate of air entry, 
with lethal dose in humans being between 200 
and 300 ml, or 3–5 ml/kg. The spectrum of mani-
festations includes cardiovascular, respiratory and 
neurological changes. Symptoms appear late and 

A. Grewal et al.



211

one should rely on the monitors mentioned above 
in the text for early identification of VAE.

VAE usually results in elevated right atrial 
pressure resulting in decreased venous return, 
hypotension and shock. Tachyarrhythmia and 
myocardial ischaemia may ensue. A large 
embolus obstructing the outlet of the right ventri-
cle can result in a sudden onset of right heart fail-
ure and cardiac arrest. Pulmonary signs of VAE 
include wheeze, crepitations, and sudden decrease 
in end-tidal carbon dioxide (EtCO2). Arterial 
blood gas analysis may reveal hypoxia and hyper-
capnia. Neurological manifestations include cere-
bral hypoperfusion as a result of shock and stroke 
in the event of a paradoxical embolus.

Monitoring for Venous Air Embolism (VAE):

	1.	 Precordial Doppler: Precordial probe can be 
fixed onto the patient’s chest. It is the most 
sensitive non-invasive monitoring device used 
to detect VAE.

	2.	 Transoesophageal echocardiography (TEE) 
and Doppler: TEE is more sensitive than pre-
cordial Doppler, but is invasive and expensive 
and expert personnel are required to use it.

	3.	 Pulmonary artery (PA) catheter: Detects pul-
monary hypertension resulting from mechani-
cal obstruction and reflex vasoconstriction 
from local hypoxemia caused by transpulmo-
nary air. However, it is more invasive, with the 
PA catheter’s small lumen making air aspira-
tion difficult. It is not often used due to unfa-
vourable risk–benefit ratio. It may be used in 
patients with impaired cardiac function in 
whom the indications are to monitor cardiac 
function rather than for monitoring for VAE.

	4.	 Capnography (ETCO2 monitoring): Enables 
detection of increased arterial-to-end-tidal 
CO2 gradient associated with the occurrence 
of VAE. However, it is non-specific for air and 
less sensitive than Doppler.

	5.	 End-tidal nitrogen (ETN2) monitoring: This 
technique is specific for air and detects air ear-
lier than capnography. However, the sensitiv-
ity of currently available N2 monitoring 
technology may not be sufficient to detect 
subclinical VAE and it is not useful if O2:air is 
used during anaesthesia.

Prevention and Treatment  The risk of VAE can 
be reduced by careful planning of the surgery, 
meticulous surgical technique and liberal use of 
bone wax, vigilance, avoidance of N2O and maxi-
mization of intravascular pressure.

The treatment includes:

	1.	 100% oxygen and increasing the flows.
	2.	 Discontinuation of nitrous oxide.
	3.	 Having the surgeon flood the surgical field 

with fluids.
	4.	 Patient position should be changed to lower 

the head below heart level, if feasible.
	5.	 Placing the patient in the left lateral decubitus 

position to reduce the gas lock effect, though 
the efficacy of this manoeuvre has been ques-
tioned recently.

	6.	 Jugular venous compression.
	7.	 Attempted aspiration of air from the right 

atrium.
	8.	 Haemodynamic support (with intravenous flu-

ids, inotropes and anti-arrhythmics) and car-
diopulmonary resuscitation.

17.11.5.8  �Pneumocephalus
Pneumocephalus occurs when air enters the brain 
or spaces around the brain after dural incision. 
Tension pneumocephalus may follow air entry 
into the epidural or dural spaces in sufficient vol-
umes to exert a mass effect with the potential for 
life-threatening brain herniation. Pneumocephalus 
can present after operation as delayed recovery, 
neurological deficit, headache, confusion, agita-
tion or convulsion, with CT scan enabling early 
diagnosis. The management includes drainage of 
air via a burr hole, ventilation with 100% oxygen, 
and avoidance of nitrous oxide.

17.11.5.9  �Macroglossia
Macroglossia, causing postoperative respiratory 
obstruction, can occur as a result of obstruction 
to the venous and lymphatic drainage of the 
tongue because of a flexed neck during prolonged 
surgery in the sitting position.

17.11.5.10  �Quadriplegia
Quadriplegia is a rare but potentially disastrous 
complication that is caused by prolonged focal 
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pressure on the spinal cord secondary to the acute 
flexion of the head in the sitting position. Ischaemic 
damage to the spinal cord can result from compro-
mised regional spinal cord blood flow, particularly 
during episodes of significant hypotension. 
Meticulous attention during positioning and avoid-
ing significant and prolonged hypotension during 
surgery can help avoid this complication.

�Conclusion

Anaesthetic management of patients undergo-
ing posterior fossa surgery is challenging for 
the anaesthesiologist in terms of preoperative 
evaluation, extreme patient positioning, 
choice of anaesthetic agents, prolonged surgi-
cal duration, type of monitoring, maintaining 
haemodynamic stability, preserving neuro-
logic function and prevention, early detection 
and management of complications. Meticulous 
planning and extreme care throughout the 
perioperative period help in successfully over-
coming these challenges.
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Anesthesia for Pituitary Surgery

Fauzia Khan and Faraz Shafiq

18.1	 �Introduction

Anesthetic management for pituitary surgery 
demands a thorough knowledge of anatomy, 
endocrinology and pathophysiology of pituitary 
gland as well as a multidisciplinary approach 
involving endocrinologists, anesthesiologists, 
and neurosurgeons. Preoperative assessment 
should focus on the identification of hormonal 
and metabolic disturbances and planning the 
intraoperative care based on this. The postopera-
tive period requires careful monitoring in the 
recovery units and close collaboration between 
the teams.

The aim of this chapter is to review the key con-
cepts required for safe conduct and perioperative 
management of patients requiring pituitary sur-
gery, and an update on its current management.

18.2	 �Review of Anatomy 
and Physiology

The pituitary gland (Fig. 18.1) is approximately 
8 mm in diameter and lies in the middle cranial 
fossa at the base of skull in a cavity of the 

sphenoid bone (sella turcica). The gland is sur-
rounded by the bone in its anterior, posterior and 
inferior aspects. The optic chaisma lies superi-
orly and is separated from the pituitary by a sheet 
of dura known as “diaphragma sellae”. The lateral 
relationship has internal carotid artery, cavernous 
sinus along with the third, fourth and sixth cra-
nial nerves [1].

18.3	 �Pathophysiology

The pituitary gland consists of two lobes. The 
larger anterior lobe, (adeno-hypophysis) secretes 
several hormones as shown in Table 18.1. The 
posterior lobe (neuro-hypophysis) is responsible 
for secretion of antidiuretic hormone (ADH) and 
oxytocin. The gland is connected through a fold 
of dura to the hypothalamus, which regulates the 
hormones secreted by the anterior pituitary, by 
several hypothalamic releasing and inhibiting 
factors. The factors released by hypothalamus 
are thyrotropin-releasing hormone (TRH), corti-
cotropin-releasing hormone (CRH), 
gonadotropin-releasing hormone (GnRH), 
growth hormone (GHRH), and prolactin-
releasing hormone (PRLH). The control of pos-
terior pituitary hormone ADH is through plasma 
osmolality and the circulating blood volume, 
whereas suckling reflex stimulates oxytocin 
release.
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Fig. 18.1  Diagrammatic 
representation showing the 
suprasellar and parasellar 
anatomical relationship of 
the pituitary gland through 
the endoscopic approach

Table 18.1  Hormones and functions of pituitary gland

Hormones secreted by anterior pituitary Functions

 � Thyroid-stimulating hormone (TSH) Stimulates the synthesis and release of thyroid hormones
 � Adrenocorticotrophic hormone (ACTH) Stimulates the adrenal gland for the production of stress hormones  

i.e., glucocorticoids, and mineralo-corticoids.
 � Melanocyte-stimulating hormone (MSH) Causes skin pigmentation
 � Follicle-stimulating hormone (FSH) Stimulates the gonads for the production of testosterone and estrogen
 � Luteinizing hormone (LH) Helps in spermatogenesis in males and luteinization of ovarian 

follicles in females
 � Growth hormone (GH) Anabolic effects and synthesis of proteins, skeletal growth, 

gluconeogenesis, and lipolysis
 � Prolactin (PRL) Stimulates milk production and reduces fertility
Hormones secreted by posterior pituitary

 � Antidiuretic hormone (ADH) Maintaining circulating volume and plasma osmolality
 � Oxytocin Secretion of milk

18.3.1	 �Classification of Pituitary 
Tumors

Pituitary tumors can be classified either as micro-
adenomas having a diameter of less than 10 mm, 
or macro-adenomas with diameter more than 
10  mm [2]. The clinical presentation depends 
upon either the size or the hormones produced 
(functioning or nonfunctioning tumors) [3].

Nonfunctioning tumors  These are macro-
adenomas which produce symptoms due to 

mass effect e.g., visual disturbances due to 
pressure on optic chaisma. They are usually 
nonsecretory [4]. The signs and symptoms 
include headache, nausea, or vomiting, which 
indicate raised intracranial pressure. As the 
tumor grows it can cause pituitary hypo func-
tioning due to direct compressive effect on the 
gland. This is also called stalk effect [5]. These 
patients may present with infertility, panhypo-
pituitarism, and epilepsy.

Functioning tumors  These are micro-adenomas 
which present much earlier because of the hor-
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monal disturbances. The commonest are 
prolactin-secreting (35%), followed by 
GH-secreting (20%) and ACTH-secreting tumors 
(7%). One percent of the tumors secrete more 
than one hormone [6].

18.3.2	 �Metabolic Disturbances 
Associated with Pituitary 
Tumors

Acromegaly and Gigantism  These clinical con-
ditions are caused by excessive GH secretion by 
a functioning adenoma, and rarely by over-
secretion of GHRH. The process is insidious at 
onset and causes enlargement of mandible, 
hands, and feet. In adults it leads to acromegaly, 
whereas if it occurs before the closure of long 
bone epiphyses it results in gigantism [7]. 
Diabetes, hypertension, obstructive sleep apnea 
(OSA), and peripheral nerve compression are 
associated problems. GH has an anti-insulin 
effect leading to diabetes mellitus (DM). Other 
associated conditions are hypertension, obstruc-
tive sleep apnea, premature coronary artery dis-
ease, cardiomyopathy, and osteoarthritis. OSA 
can effect up to 97% of these patients [8].

Cushing’s disease  This condition is due to 
excessive secretion of cortisol secondary to 
excess ACTH secreted by a pituitary adenoma. 
Typical features of Cushing’s disease are central 
obesity, cushingoid facies also called moon face, 
hyponatremia, hypokalemia, abdominal striae, 
thin skin, easy bruisability, proximal myopathy, 
and osteoporosis [9]. These patients are also 
prone to gastroesophageal reflux disease, diabe-
tes mellitus, hypertension, left ventricular hyper-
trophy (LVH), and proximal myopathy.

Diabetes Mellitus  Diabetes is associated with 
60% of patients with Cushing’s disease and 25% 
with acromegaly. The perioperative management 
of these patients is similar to other surgical 
patients with diabetes.

Thyroid Disease  Thyroid functions may alter in 
patients with pituitary tumors. These patients 
need thyroid function tests done preoperatively.

Cardiovascular disease  Sixty percent of deaths in 
patients with acromegaly are directly related to car-
diovascular complications [10]. Association of left 
ventricular hypertrophy, coronary artery disease, 
arrhythmias, cardiomyopathy, and heart failure may 
be features of functioning pituitary tumors [11].

Sexual Disturbances  Prolactinomas may present 
with problems that are associated with menstrual 
disturbance, and galactorrhea in females and 
hypogonadism, loss of libido, or erectile dys-
function in males [12]. Patients may be on bro-
mocriptine as part of medical management. 
Premature puberty or earlier onset of menstrual 
cycles may be an incidental finding of tumors 
secreting FSH and LH in females [4].

Pituitary Apoplexy  This condition occurs due 
to acute deficiency of the secretory functions of 
anterior pituitary gland. Sudden hemorrhage in 
the tumor is responsible for deterioration in the 
blood supply of the gland. The condition is acute 
and patient may present with signs and symp-
toms of raised intracranial pressure or cranial 
nerve palsies [13]. The treatment is supportive 
with fluid management and hormone replace-
ment therapy; however, at times surgical explora-
tion is required for the evacuation of hematoma 
[14]. Females may present with postpartum pitu-
itary infarction (Sheehan’s syndrome).

18.4	 �Preoperative Assessment

18.4.1	 �General Assessment

Preoperative assessment should focus on overall 
health status, comorbid conditions, medical/sur-
gical history, medication, and allergy. In addition, 
an endocrinologist should evaluate these patients.

18.4.2	 �Endocrinological Review

It is important to evaluate the signs and symptoms 
associated with the pituitary pathology. This 
includes detailed evaluation of the patients having 
acromegaly or Cushing’s disease specifically or 
any other hormonal abnormality in general. 
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Hypertension and DM are commonly associated 
with acromegaly and Cushing’s disease and need 
thorough evaluation, workup, and preoperative 
optimization. Obstructive sleep apnea (OSA) may 
complicate the perioperative course of 50% 
patients with acromegaly [15]. Presence of OSA 
can increase the incidence of postoperative com-
plications. A history of snoring and daytime som-
nolence is suggestive of severe disease.

Patients with Cushing’s need careful assess-
ment in terms of organ involvement and compli-
cations such as osteoporosis, glucose intolerance, 
myopathy, and obstructive sleep apnea [16]. 
Hypokalemic metabolic acidosis, if present, 
should be corrected preoperatively. Patients with 
prolactinomas are on bromocriptine agonists that 
may cause hypotension during anesthesia [17]. 
Patients with panhypopituitarism are prone to 
water intoxication and hypoglycemia.

18.4.3	 �Cardiovascular System 
Evaluation

Eighty to 85% patients with Cushing’s disease 
and 30–35% with acromegaly have hypertension 
requiring treatment [10]. Coronary artery dis-
ease, conduction disturbances, and arrhythmias 
may also be present both in patients with acro-
megaly and Cushing’s disease [18]. Patients with 
OSA may develop right heart failure.

18.4.4	 �Neurological Evaluation

Patient should be evaluated for any neurological 
complications associated with the tumor. History 
of nausea, vomiting, and headache indicates raised 
intracranial pressure. Visual field defects on exam-
ination indicate that the tumor is compressing the 
optic chiasma in such cases. Bitemporal hemiano-
pia is the classical presentation.

18.4.5	 �Airway Assessment

Excessive secretion of GH causes the renin-
angiotensin-dependent sodium and water reten-

tion, which in turn causes hypertrophy of 
pharyngeal and laryngeal soft tissues including 
macroglossia [19]. This excess in GH is also 
responsible for extracellular matrix protein syn-
thesis and cartilage production [20], both of which 
are responsible for typical facial features of these 
patients. These facial features may lead to diffi-
culty in mask ventilation and/or intubation. Table 
18.2 summarizes the airway abnormalities in 
these patients [21]. Any hoarseness or change in 
voice indicates the involvement of glottic open-
ing, due to thickening of aeri-epiglottic folds and 
should be taken as an alert for difficult intubation. 
Paresis of recurrent laryngeal nerve may be pres-
ent. Routine airway assessment is done by 
Mallampati examination, which has been reported 
as a reliable tool for predicting difficult airway 
[21]. Recently a study done by Bindra et al. failed 
to show any superiority of modified Mallampati 
(MMP) alone or in combination with extended 
Mallampati for prediction of difficult intubation 
in acromegaly patients [22]. Sharma et  al. [23] 
compared upper lip bile test (ULBT) with modi-
fied Mallampati test (MMPC) in 64 acromegalic 
and 63 nonacromegalic patients. ULBT failed to 
predict 73% and MMPC failed to predict 33% of 
difficult laryngoscopies. MMPC was found to be 
more sensitive whereas ULBT was more specific. 
Accuracy of both tests was less in patients with 
acromegaly. The authors recommend using ULBT 
routinely in addition to MMPC in these patients.

Airway assessment is also important in 
patients with Cushing’s disease. These patients 
have fat deposition on the upper back (buffalo 
hump), which may interfere with positioning for 
tracheal intubation. Obesity and gastrointestinal 
reflux can also affect airway control.

Table 18.2  Features of acromegaly that make the airway 
difficult

Thick mandible
Prognathism
Coarse features
Macroglossia
Hypertrophy of soft tissues of upper airway
Hypertrophy of laryngeal and pharyngeal tissues
Reduced size of glottis opening
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18.4.6	 �Respiratory System 
Evaluation

In addition to the airway abnormalities, acromeg-
aly leads to impaired respiratory function due to 
the involvement of bones of rib cage, intercostal 
muscles, and lung elasticity. Lung volumes are 
increased and these patients may have subclinical 
hypoxemia [24].

18.5	 �Investigations

From the anesthetic perspective it is important to 
have the following information at hand before 
proceeding with the case.

Endocrine Function-Related Tests:  Hormonal 
studies should be performed on the basis of his-
tory and clinical findings. These include serum 
cortisol level, ACTH, T4 and TSH, basal prolac-
tin, LH, FSH, testosterone, GH and insulin-like 
growth factor 1 (IGF-1). An endocrinologist 
should be involved in interpretation and further 
management of these results.

Electrolytes:  Serum electrolyte abnormalities 
may be associated features of conditions such as 
Cushing’s disease and need to be corrected before 
proceeding with anesthesia.

Blood glucose:   Diabetes is associated with 
both acromegaly and Cushing’s disease.

Complete blood count:   To evaluate for anemia.

Electrocardiography and Echocardiography:  
Routine bedside ECG should be performed in 
all patients. Echocardiography is useful in 
assessing global function. Left ventricular 
hypertrophy can be present in 50% of acrome-
galics [25] due to interstitial myocardial fibro-
sis [26].

Airway-related investigations:   Indirect laryn-
goscopy or X-ray of the neck may be needed in 
severe form of the disease and should be left at 
the discretion of the consultant anesthetist.

Blood group and save:   Major hemorrhage is 
rare but bleeding can occur from venous sinuses 
or carotid artery due to accidental injury. Only 
blood group and save is sufficient preoperatively.

Radiological investigations:  MRI is the gold stan-
dard for diagnosing pituitary tumors and is superior 
to CT scan. MRI findings help in differentiating 
micro from macro-adenomas, as well as identifying 
the extent and location of tumors. It can also predict 
the severity and outcome of the disease, as the 
tumors with suprasellar extension indicate difficulty 
in surgical approach and higher chances of recur-
rence [27]. Complications like involvement of 
pituitary stalk by infiltrative process of craniopha-
ryngoma are the main cause of panhypopituitarism 
and can be detected on the MRI scan.

18.6	 �Premedication

Patients should continue hormone replacement 
therapy [2], antihypertensives, and steroids until 
the day of surgery. Oral hypoglycemic medica-
tions need to be replaced by the shorter acting 
insulin therapy in the perioperative period. 
Although the incidence of preoperative anxiety in 
the neurosurgical patients is high, long-acting 
sedative medications are usually not recom-
mended due to the concern of raised ICP and 
requirement of rapid emergence and neurological 
assessment postoperatively [28]. Incremental 
boluses of short-acting sedative can be given 
under controlled environment where facilities of 
monitoring are available [16]. If obesity and gas-
troesophageal reflux are present, patient should 
be administered aspiration prophylaxis.

18.7	 �Preoperative Management

Anesthetic plan should be discussed with the 
patient. Similarly, explanation about conduct of 
fiberoptic intubation is mandatory before proceed-
ing with suspected difficult airway. The patient 
should be instructed preoperatively regarding 
nasal obstruction [29] due to nasal packing and 
mouth breathing at the time of awakening.
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18.8	 Goals of Intraoperative 
Management

18.8.1	 �Goals

The goals of anesthetic management in pituitary 
surgery are given in Table 18.3.

18.9	 �Surgical Approaches

18.9.1	 �Direct Endonasal Approach

Trans-sphenoidal is the safest and the most com-
monly used approach. The surgeon follows mid-
line of nose, removes bone and floor of pituitary 
fossa. The tumor is removed using an operative 
microscope (microsurgery) or an endoscope [6].

The advantages of trans-sphenoidal approach 
are an extracranial approach with minimal surgical 
trauma and blood loss, and avoidance of hazards of 
craniotomy [1]. It is also associated with decreased 
length of hospital stay and lower mortality. 
Mortality of 0.2% has been reported with micro-
adenoma and 0.9% with a macro-adenoma [30]. 
Endoscopic surgery can also be carried out with the 
help of intraoperative MRI, which helps in gauging 
the extent of surgical resection. In one study of 229 
patients, intraoperative MRI led to further resection 
in 20.5% patients [31]. In another series of 18 
patients, intraoperative MRI showed 50% patients 
having residual tumor [31]. Computer-assisted 
navigation has improved endoscopic approach by 
helping direct the angle of the scope [3]. Trans-
sphenoidal endoscopic approach was also used for 
surgery of pituitary abscess in 18 patients [32].

In a meta-analysis of 38 studies of endo-
scopic versus microscopic approach, endoscopy 

was associated with a higher risk of vascular 
complications [33]. Endoscopic resection was 
also associated with an increased incidence of 
CSF leak [34].

Complications of trans-sphenoidal approach 
are persistent CSF rhinorrhea, risk of postopera-
tive meningitis, transient diabetes insipidus, pan-
hypopituitarism, vascular damage, cranial nerve 
injury, cerebral ischemia, and stroke secondary to 
vasospasm [35].

18.9.2	 �Trans-cranial Approach

Bifrontal craniotomy is indicated in case of giant 
pituitary tumors, failure of trans-sphenoidal sur-
gery or if there is no intrasellar tumor [16]. This 
approach is associated with less surgical stimula-
tion compared to trans-sphenoidal.

18.9.3	 �Sublabial Approach

This approach is sometimes undertaken in chil-
dren or adults with large tumors [3].

18.10	 �Antibiotics at Induction

This is a debatable issue. The consensus policy in 
the UK recommends a cephalosporin at induction 
and every 3 h during surgery [36] with no further 
doses postoperatively.

18.11	 �Glucocorticoid Therapy 
at Induction

Regimens of glucocorticoid therapy differ in dif-
ferent hospitals but generally 100  mg of IV 
hydrocortisone therapy at induction is required in 
majority of patients unless basal cortisol (8 a.m.) 
and short synacthen tests are normal [5, 6, 17]. 
Therapy is continued for the next 2–3 days reduc-
ing the dose gradually [6]. Patients with Cushing’s 
disease will require perioperative replacement 
therapy as well as postoperative therapy for sev-
eral weeks.

Table 18.3  Goals of anesthetic management in pituitary 
surgery

Preserve and optimize cerebral perfusion and 
oxygenation
Maintain hemodynamic stability
Facilitate surgical exposure
Prevent and manage intraoperative complications
Rapid smooth emergence
Early assessment of neurological function
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18.12	 �Induction and Airway 
Management

Intravenous access may be technically difficult in 
patients with Cushing’s disease.

18.12.1	 �If a Difficult Airway Is Not 
Expected

Routine induction with thiopentone or propofol 
followed by a short-acting narcotic and a long-
acting muscle relaxant (Vecuronium or 
Atracurium) is acceptable. A reinforced endotra-
cheal tube is positioned in the left corner of the 
mouth to give unimpeded access to surgeon who 
stands on the right [36]. A saline-soaked throat 
pack is inserted which prevents blood and secre-
tions from going into the stomach and larynx [5]. 
It also stabilizes the tracheal tube [3]. If unex-
pected difficulty in bag-mask ventilation occurs, 
an oral airway can be inserted to overcome 
obstruction.

18.12.2	 �If a Difficult Airway Is 
Expected

The airway can be difficult in cases of acromeg-
aly or Cushing’s disease. The features of acro-
megaly that make the airway difficult are given in 
Table 18.1 [15]. Southwick et al. have described 
four grades of airway management in acrome-
galic patients [37]. Historically preoperative tra-
cheostomy has been recommended for grades 3 
and 4 [36–38], but nowadays it is rarely neces-
sary. Most authors now recommend fiberoptic 
tracheal intubation with patient awake or asleep 
[1, 36]. Acromegaly is an independent risk factor 
for difficult intubation (DI) and difficulty in these 
patients can be quite unpredictable [39]. In one 
retrospective review of 746 such patients, the 
incidence of DI was reported as 9.1% [38]. 
Schmitt et al. reported a 10% incidence [21] and 
Messick et al. as 13% [38]. Authors experienced 
no problems with mask ventilation and intuba-
tion in acromegalic patients if large facemask and 
long blade of laryngoscope was used [5]. 

Intubating laryngeal mask (LMA) was also suc-
cessfully used in these patients [38]. Bougie was 
found to be useful equipment in the management 
[48]. In another study of 32 acromegalic patients, 
a video laryngoscope was required in seven 
(22%), and fiberoptic intubation in four (12.5%) 
[40]. Use of external laryngeal pressure was 
found useful in improving laryngoscopic view 
[24]. In Cushing’s disease difficult intubation 
may occur because of obesity. These patients 
have a moon face due to fat deposits in cheeks 
and temporal region. Obstructive sleep apnea 
(OSA) is present in 33% [41]. Fat deposits at the 
nape of neck may interfere with optimal position-
ing for tracheal intubation. Intraoperatively, 
approach to airway during trans-sphenoidal sur-
gery is further restricted due to the presence of 
operating microscope, endoscopic equipment, C 
arm, and portable X-ray [1].

18.13	 �Preparation of Nasal Mucosa

Following induction local anesthetic solution 
with epinephrine injection is used to provide top-
ical anesthesia and minimize bleeding from the 
nasal mucosa. A commonly used combination is 
1–2% lignocaine with 1:200,000 epinephrine [1, 
3, 6]. Epinephrine can cause an exaggerated 
hemodynamic response in acromegalic patients 
and in Cushing’s disease. Chelliah et  al. have 
reported a case of hypertensive crisis following 
lidocaine epinephrine injection into nasal mucosa 
[42]. In a comparison of 1:200,000 and 1:400,000 
epinephrine with 2% lignocaine, the former pro-
duced less hemodynamic response compared to 
the latter and provided similar operating condi-
tions [43]. In a retrospective review of 100 cases 
of trans-sphenoidal pituitary surgery, large blood 
pressure increases were common following intra-
nasal injection [42]. In some centers, a mixture of 
cocaine and epinephrine is preferred [44]. Use of 
cocaine is associated with risk of arrhythmias. 
Alternative solutions to epinephrine and ligno-
caine combinations that have been used are xylo-
metazoline [45], a long-acting sympathomimetic, 
or co-phenylcaine (5% lidocaine and 0.5% phen-
ylephrine) [1].
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18.14	 �Placement of Lumbar 
Catheter

Placement of lumbar catheter is done after induc-
tion and before surgery by some surgeons. A 
16 G epidural catheter is inserted in L3/4 lumbar 
interspace and 10 cm is fed in the cephalic direc-
tion [36]. The purpose is to manipulate CSF pres-
sure that is helpful in case of large tumors with 
significant suprasellar extension. Injection of 
10 ml of normal saline using a sterile technique 
produces a temporary increase in CSF pressure 
causing a downward shift of tumor [6], hence 
making trans-sphenoidal resection easier [46]. 
The catheter can also be left in place postopera-
tively to drain the CSF if dura is breached [46].

18.15	 �Controlled Hypercapnia

Controlled hypercapnia was assessed for its 
effectiveness in raising CSF to enable descent of 
suprasellar position of pituitary in pituitary sur-
gery by Korula et al. and was found effective but 
is not practiced universally [47].

18.16	 �Positioning

For trans-sphenoidal approach, the patient is kept 
in the classic “deck chair” position [31] i.e., 
supine with head up, neck extended and turned 
slightly to left to facilitate access to the surgeon 
standing on the right side [5, 36]. For geriatric 
patients with stiff necks, the operating table can 
be tilted laterally toward the surgeon [36]. 
Head-up position optimizes venous drainage and 
decreases bleeding; however, it increases the 
incidence of venous air embolism (VAE) [3]. 
Risk is more if head is elevated more than 40° 
above the heart [48]. The eyes should be padded 
and anesthetic circuit kept away from the surgical 
field toward the left of the patient. For trans-
cranial surgery, the patient lies in supine position 
and the head is kept in the midline [5]. Presence 
of Cushing’s disease and associated osteoporosis 
increase the risk of pathological fractures 
intraoperatively.

18.17	 �Perioperative Monitoring

ECG, pulse oximetry, end tidal CO2, temperature, 
and non invasive blood pressure (NIBP) should be 
monitored routinely [17, 36]. Some authors prefer 
to use additional invasive BP monitoring routinely 
[1] whereas others reserve it for high-risk cases 
only [5]. In acromegalic patients the ulnar artery 
circulation is compromised [14]. Pulse oximetry 
may be difficult because of enlarged fingers. CVP 
is indicated if cavernous sinus invasion is sus-
pected and if the surgeon plans head-up position 
more than 40° above the heart [5]. Visual evoked 
potential (VAP) monitoring has been used by some 
if the tumor compromises visual fields [36] but it is 
costly and waveforms are unstable for practical 
use. Incidence of false positives and negatives is 
high [49].

18.18	 �Anesthetic Drugs 
and Technique

Anesthetic drugs and techniques depend on indi-
vidual preference and are similar to other intra-
cranial procedures depending on patient’s 
comorbidity. A meticulous approach is more 
important than use of specific agents [5, 36]. 
Both balanced anesthesia with short-acting nar-
cotics and inhalational agents or total intravenous 
anesthesia (TIVA) has been used. Some authors 
prefer TIVA combining propofol and remifent-
anil [3] if the ICP is high [50, 51]. Neither tech-
nique is superior [52]. Nitrous oxide is avoided in 
case of raised ICP.

Trans-sphenoidal surgery is associated with 
periods of intense sympathetic stimulation, 
especially during access to the pituitary fossa 
during nasal fracture, sphenoid drilling, and sel-
lar dissection [53]. A shorter acting opioid like 
remifentanil, if available, is preferred as it can 
be titrated to the hemodynamic effects [54]. In 
addition, it has rapid emergence and is not asso-
ciated with respiratory depression [55]. Use of 
intraoperative paracetamol has an opioid spar-
ing effect [56]. Bilateral maxillary nerve block 
for intraoperative analgesia has also been 
described [57].
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A single bolus dose of a long-acting opioid like 
IV morphine or intramuscular codeine is recom-
mended 20–30 min before the end of surgery [58] 
to prevent rebound hypertension and pain at emer-
gence if a short-acting opioid like Remifentanil is 
chosen for intraoperative pain relief [6, 16]. 
Tramadol has also been used but it causes more 
sedation and PONV compared to codeine [59]. 
NSAIDS are best avoided because of the risk of 
hematoma formation [60]. Desflurane has also 
been used instead of sevoflurane [6].

In one study, comparison of remifentanil–pro-
pofol versus remifentanil–sevoflurane anesthesia 
showed similar hemodynamic stability but earlier 
recovery with remifentanil–sevoflurane combi-
nation [61]. Ali et al. compared three techniques 
of GA in an RCT with 90 patients. The patients 
either received propofol, isoflurane, or sevoflu-
rane anesthesia and BIS monitoring keeping the 
BIS index range between 40 and 60. Presser 
responses were significantly less with propofol 
and N2O and better recovery profile was observed 
with propofol and sevoflurane group [62].

Gopala and colleagues compared 46 patients, 
18–65 years of age undergoing trans-sphenoidal 
resection of pituitary tumor to receive a continu-
ous infusion of dexmeditomidine, an alpha 2 
adrenergic agonist or normal saline. 
Dexmeditomidine increased hemodynamic sta-
bility, decreased anesthetic and narcotic require-
ment by 40% and 33% respectively and led to 
lesser bleeding [54]. In another study of 60 
patients 18–65 years, authors used a continuous 
infusion of 0.6 μg kg−1 h−1 dexmeditomidine ver-
sus normal saline [63]. Total blood loss was less 
and resulted in a reduction in propofol mainte-
nance dose and total fentanyl. Mean arterial pres-
sure (MAP) and HR were lower and surgeon’s 
satisfaction was higher. Other authors have also 
supported this fact [64]. In trans-sphenoidal sur-
gery particular attention should be paid to main-
taining normocapnia as hypocapnia will decrease 
ICP, reduce brain size, and make suprasellar 
extension less accessible [5].

Before wound closure, the surgeon may ask for 
a Valsalva maneuver to check for CSF leak [17]. 
Sella turcica is then packed with autologous fat. 
All personnel should also take adequate precau-

tious from radiation exposure [5]. Patients with 
panhypopituitarism are extremely sensitive to 
anesthetic agents and other CNS depressants [38].

18.19	 �Intraoperative Complication

Trans-sphenoidal approach can be associated 
with several complications shown in Table 18.4.

Bleeding is a rare but catastrophic complica-
tion. Carotid artery or cavernous sinus injury is a 
possibility [65]. Carotid injury can lead to pseudo 
aneurysm and fistula postoperatively [66]. 
Venous air embolism can occur but is uncommon 
[1, 36]. CSF fistula can persist postoperatively 
and may require repair [67]. Damage to olfactory 
nerve, cranial nerve II to VI can occur due to their 
proximity to the pituitary [17]. Complications 
with intracranial approach are similar to other 
intracranial procedures. Specific complications 
are frontal lobe ischemia, trauma to carotid artery 
and optic chiasma [5]. A case report of short sud-
den asystole probably due to severe vagal 
response secondary to hypothalamic stimulation 
has also been described [68]. Diabetes insipidus 
usually occurs postoperatively but can rarely 
present intraoperatively as well.

Table 18.4  Perioperative complications of pituitary 
surgery

Route Complication

Trans-sphenoidal 
approach

Carotid artery injury
Cavernous sinus injury
Corticocavernous fistula
Optic nerve, optic chiasma 
injury
Pseudo aneurysm
Hypothalamic injury
Olfactory nerve injury
Other cranial nerve injuries 
(3–6)
CSF rhinorrhea
Venous air embolism
Seizures

Trans-cranial 
approach

Frontal lobe ischemia
Trauma to carotid artery
Trauma to optic chaisma
Seizures
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18.20	 �Emergence

The goal of emergence is rapid and smooth emer-
gence without bucking and coughing [36, 69]. 
Pharyngeal suction should be done under vision 
and pharyngeal pack removed. The patient’s tra-
chea should be extubated once pharyngeal reflexes 
return and the patient is able to maintain airway. 
Positive-pressure ventilation at this stage should 
be avoided because of the risk of tension pneumo-
encepholus, venous embolism, and introduction 
of bacteria in the subarachnoid space [70] [56]. 
Care should be taken that nasal packs inserted at 
the end of surgery are not dislodged [5]. Special 
nasal packs incorporating ventilating tubes are 
also available [36].

Routine antiemetic prophylaxis is advisable 
[5] and it is acceptable to give prophylactic 
antiemetics [6]. Standard prophylaxis is dexa-
methasone; however, in a recent retrospective 
study of 136 patients, this dose was shown to 
suppress the adrenocorticotrophic axis [71].

18.21	 �Postoperative Monitoring

Following surgery, in addition to cardiovascular 
and respiratory functions, the patients should be 
closely monitored for any neurological deterio-
ration and cranial nerve dysfunction, especially 
cranial nerves 2–6. Eye movements and visual 
field acuity should be charted [4]. This can be 
done in the recovery room or in the ward if the 
patient does not have any comorbid disease. In 
case of acromegalic patients with OSA, particu-
lar attention should be given to signs of hypoven-
tilation and these patients should be nursed in a 
high dependency unit for 24 h [5].

18.22	 �Postoperative Analgesia

Trans-sphenoidal surgery is associated with mod-
erate pain; in addition, nasal packs cause consid-
erable discomfort. In UK, the traditional analgesia 
has been codeine but currently narcotics are also 
acceptable [5]. The median postoperative require-

ments are low. In a retrospective study of 900 
patients for trans-sphenoidal surgery the median 
requirement was less than 4 mg of morphine [72]. 
NSAIDS like ketorolac have been used but can 
be associated with higher risk of bleeding [16, 
73]. Pain is more severe following trans-cranial 
surgery and narcotic requirement is increased in 
these cases. Use of intravenous morphine with 
patient-controlled intravenous analgesia (PCIA) 
has been described [4, 73]. Paracetamol is used 
as a co-analgesic [16]. Bilateral infra-orbital 
nerve block has also been used for postoperative 
pain management [73].

18.22.1	 �Postoperative Nausea 
and Vomiting (PONV)

PONV after neurosurgical procedures merits 
special attention as it can lead to raised ICP and 
CPP resulting in CSF leaks and hemorrhage 
[74]. Several antiemetic drugs such as metoclo-
pramide, dexamethasone, ondensetron, granis-
etron, or dropenidol have been used to prevent 
PONV post neurosurgery [75]. A recent retro-
spective study of 136 patients has shown that 
dexamethasone 4 mg IV perioperatively led to 
the suppression of hypothalamic-pituitary-
adrenal axis after pituitary surgery [72].

18.23	 �Postoperative Complications

In addition to surgical complications, the follow-
ing can occur:

18.23.1	 �CSF Leak

CSF leak can present immediately after nasal 
pack removal or later [4, 6]; as a consequence 
patients present with low-pressure headaches 
and rhinorrhea. Confirmation is done by test-
ing the leaked fluid for alpha transpher-
ase [4]. Treatment is lumbar drain for 24–48 h 
[31] or surgical placement of autologous fat 
pad [4, 6].
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18.23.2	 �Diabetes Insipidus (DI)

The direct surgical stimulation of the pituitary 
stalk or hypothalamus is responsible for the 
development of DI.  The overall incidence for 
this complication is 16% [15].. It is commonly 
associated with the resection involving the trans-
cranial approach. Similarly, patients having cra-
niopharyngioma, large adenoma, or suprasellar 
extension are at a high risk of having this com-
plication [28]. Presenting symptoms are 
increased urine output in the absence of other 
causes of polyuria. The management plan should 
include the evaluation of serum sodium along 
with the osmolality workup, on the basis of 
which the patient may need adequate fluid 
replacement to overcome the losses, or in severe 
cases treatment option is the administration of 
desmopressin.

18.23.3	 �Inappropriate Secretion 
of Anti Diuretic Hormone 
(SIADH)

It is another rare complication of the pituitary 
surgery. The overall incidence is 8%, and is 
due to nonspecific release of ADH causing 
unregulated water retention and loss of urinary 
sodium [76]. The diagnostic feature is hypona-
tremia secondary to extracellular volume 
expansion. In contrast to DI, it usually presents 
with the hyponatremia secondary to unregu-
lated water retention and loss of urinary 
sodium. The diagnostic workup is the same as 
DI, but the treatment option here is fluid 
restriction.

18.23.4	 �Cerebral Salt Wasting 
Syndrome

It is a rare cause of hyponatremia in neurosur-
gical patients associated with excessive diure-
sis, causing significant reduction in the 
extracellular and intravascular volumes [5]. 
The condition is very much similar to SIADH, 

but diagnosis is crucial from the treatment 
point of view, which is different for both con-
ditions. Hypertonic saline is the treatment of 
choice here to overcome the volume-depleted 
status of the patient.

18.23.5	 �Rare Complications

Case reports of intracranial placement of naso-
gastric tube have been described [77, 78]. 
Complications can occur as the bony defect per-
sists for 2–3 weeks postoperatively.

18.24	 �Special Topics

18.24.1	 �Pituitary Apoplexy

Pituitary apoplexy is a rare emergency, which 
often occurs in clinically nonfunctioning macro-
adenoma. Its incidence is between 2% and 7%. 
Patients usually present in the fifth or sixth 
decade as an emergency. Precipitating factors 
have been identified as hypertension, major sur-
gery, coagulopathy, estrogen therapy, preg-
nancy, and head trauma. The British Society of 
Endocrinology has published UK Guidelines for 
the management of pituitary apoplexy in 2011 
[13]. These guidelines cover definition, initial 
assessment, indications of medical or surgical 
management, and postoperative care.

Conclusion

Anesthesia for pituitary disease presents sev-
eral challenges to the anesthetists. Preoperative 
assessment needs to focus on endocrinologi-
cal, cardiovascular, respiratory/airway, and 
neurological assessment. Perioperative man-
agement requires hemodynamic control and 
optimization of cerebral perfusion and oxy-
genation as well as facilitating surgical expo-
sure. Extubation should be smooth and rapid 
and requires early assessment of neurological 
function. A multidisciplinary approach is fun-
damental in successful management.
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Venous Air Embolism 
in Neurosurgical Patients

S.K. Malhotra

19.1	 �Introduction

Vascular air embolism (VAE) has been known for 
the last 100 years but its reporting and awareness 
have considerably increased in the last 40 years 
[1]. In the last three decades alone, over 3000 
articles covering VAE have been published, high-
lighting the seriousness of this vascular phenom-
enon. With the help of technological advances, 
most events of VAE may be prevented.

Vascular air embolism is the entrainment of 
air from the operative field or other communica-
tion with the environment into the venous or arte-
rial vasculature, producing systemic effects [2]. It 
is difficult to know the exact incidence of VAE, 
since a variety of techniques are used to detect 
the phenomenon. Some subclinical events may 
not be detected and reported.

VAE is one of the most severe complications 
in neurosurgery. The reported incidence of VAE 
is between 16% and 86% in the literature [3]. 
This wide range is due to various kinds of surgi-
cal procedures undertaken and techniques of 
anesthesia employed. There is no precise data of 
mortality except some reports following substan-

tial amount of VAE [4]. The occurrence is more 
in procedures carried out in sitting or semisitting 
positions [5, 6] such as posterior fossa surgery. 
Air may enter the circulation through opened 
veins or dural sinuses and burr holes [7]. For the 
last one century, VAE has been documented in 
various articles.

19.2	 �Epidemiology

Since the clinical features of VAE are nonspe-
cific, subclinical cases may go undetected; hence 
it is not easy to assess the precise incidence of air 
embolism. The incidence of VAE in neurosurgi-
cal procedures may be 10–80% [8]. About 2% of 
the patients may experience air embolism while 
undergoing central venous catheter insertion. In 
cases of severe lung trauma, there are 4–14% 
chances of VAE [9]. In patients undergoing lapa-
roscopic procedures, the incidence is reported to 
be 69% [10]. The incidence of VAE in scuba div-
ers is 7 in 100,000 dives [11]. No racial, sex, or 
particular age tendency has been noticed for 
venous air embolism.

19.3	 �Pathophysiology

When the venous system is exposed to environ-
ment and there is a difference of 5 cm of H2O 
between the two, the air inflow occurs [12]. It 
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has been postulated that air bubbles lead to a 
kind of reperfusion injury following air embo-
lism. The air is entrained and dissolved in lung 
circulation. A reflex vasoconstriction occurs 
due to hypoxia following local obstruction by 
the air. The microbubbles result in release of 
cytokine and production of complement. This 
leads to hypoxia, reduced gas exchange, 
decreased ETCO2 and pulmonary hypertension 
[13]. The airway pressures are increased follow-
ing bronchospasm. There is fall in blood pres-
sure due to low venous return leading to even 
myocardial ischemia [14]. If the amount of air 
entrained is more than 5  ml/kg, airlock may 
occur in right heart causing the block of outflow 
of right ventricle, dilatation of right heart, 
decrease in cardiac output, and myocardial isch-
emia [15]. The “Lethal dose” of air causing 
symptoms has not been clearly mentioned in lit-
erature but 50–300  ml air has been quoted, 
based on many studies. In an adult, the volume 
of air that may cause clinical manifestations is 
around 100  ml [16]. The severity of features 
depends on the surgical site, such as posterior 
fossa and the degree of head elevation [17]. 
When the CVP is lowered following hypovole-
mia, negative pressure gradient is raised between 
the right side of the heart and elevated head. 
Hemodynamic disturbances are more in pediat-
ric age group, hence VAE is more difficult to 
manage in this group [18]. The use of bone wax, 
careful dissection, and hemostasis may reduce 
the incidence of VAE.

19.4	 �Clinical Etiology

Though venous air embolism may happen in any 
neurosurgical procedure, the risk is greater in 
situations where sitting or head-up position is 
mandatory (Table 19.1). However, it may occur 
in any position, including prone or supine posi-
tion [19]. In neurosurgery, sitting or semisitting 
position is becoming less popular, not because of 
VAE alone but other problems, such as macro-
glossia, sciatic nerve injury, and tension pneumo-
cephalus. However, sitting position is still 
preferred in some countries for posterior fossa 

surgery [20]. Even the surgery for Parkinson’s 
disease carries a substantial risk of VAE ranging 
from 1.3% to 3.2%, owing to the stimulation of 
deep brain [21, 22].

Another situation where VAE is likely to 
occur is stereotactic surgery, where clinical fea-
tures of air embolism have been observed in 8.3% 
cases, which underwent this procedure in raised 
head position [23].

In pediatric age group, craniosynostosis repair 
surgery is more likely to result in VAE, thereby 
leading to higher chances of fatalities [24]. 
Procedures such as cervical laminectomy [25], 
spinal fusion surgery [26], and torticollis correc-
tive surgery [27] have also been associated with 
venous air embolism.

19.5	 �Clinical Presentation

The clinical manifestation depends on the amount 
and rate of air entry into the systemic circulation. 
There are many more factors that contribute to 
this event (Table 19.2). The VAE mainly leads to 
respiratory, cardiovascular, and neurological 
problems.

In case the patient is conscious, the features 
of venous air embolism may include sudden and 
continuous coughing event [28]. In addition, 
there may be fall in blood pressure and oxygen 
saturation as well as wheezing, “gasp reflex,” 
pain in the chest and difficulty in breathing [29]. 
There may be hypercarbia due to decreased 
pulmonary compliance and increase in dead 
space [30].

Moreover, mill-wheel murmur on auscultation 
may be a common feature [31]. However, the 

Table 19.1  Neurosurgical procedures related to venous 
air embolism

Craniotomies in sitting position
Posterior fossa surgery
Stereotactic surgery
Deep brain stimulation
Craniosynostosis repair
Torticollis corrective surgery
Cervical laminectomy
Spinal fusion procedures
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esophageal stethoscope is considered to be a low 
sensitivity monitor to detect this murmur.

Cardiovascular problems may include pulmo-
nary hypertension, pulmonary congestion, brady-
arrhythmias, tachycardia, or features of 
myocardial ischemia [32]. The ECG may show 
changes in ST segment or right ventricular strain 
pattern [33]. Due to the right heart failure, there 
may be raised central venous pressure, too.

The neurological disorders may range from 
focal neurological deficits to even coma. These 
are usually due to cerebral embolism or cerebral 
hypoperfusion, secondary to decreased cardiac 
output [34], particularly if there is patent foramen 
ovale that is present in 20% of adult population. 
In the patients at risk, there may be change in 
mental status due to air embolism and cerebral 
ischemia.

The air embolism may affect the pulmonary 
vasculature, which in turn leads to discharge of 
inflammatory factors leading to coagulation dis-
orders such as fall in platelet count [35].

19.6	 �Risks of Air Embolism

The risk of VAE is higher when the site of opera-
tive field is more than 5 cm above the right atrium. 
At the craniotomy site, air may enter opened 
venous channels leading to VAE.  It depends on 
the pressure gradient between the right atrium 
and cerebral veins. In case the CVP falls, there 
are more chances of air embolism. If the detec-
tion of air embolism is faster and management is 
immediate, the hazards may be minimized [36].

A lot of stress has been laid on paradoxical air 
embolism (PAE), its detection, and subsequent 

management. The ischemia of myocardium and 
brain may follow PAE which may be distressing. 
The common cause of PAE is right-to-left shunt 
due to congenital cardiac anomaly, such as patent 
foramen ovale that is present in 25–30% cases 
[37]. The reversal of shunt, i.e., from right to left, 
occurs when right side pressure increases. The 
shunt reversal takes place in about half of the cases 
and that too within an hour. The risk of PAE is not 
more than 10% and not all the patients with patent 
foramen ovale are likely to experience it as, echo-
cardiography has revealed in many studies [38]. In 
such cases, cerebral and myocardial ischemia can 
result due to embolization of cerebral (Fig. 19.1) 
or coronary circulation. In case a patient gets a 
sudden postoperative neurological dysfunction, 
particularly after a surgical procedure likely to 
have air embolism, PAE should be suspected. The 
role of hypovolemia is vital in occurrence of PAE 
as well as VAE, since lower CVP may lead to 
right-to-left shunt, hence patient should be well 
hydrated, particularly if the procedure is per-
formed in sitting position [39]. Since PEEP may 
increase pressure in the right atrium, it may reduce 
the chances of VAE. But at the same time it may 
increase the chances of PAE by causing right-to-
left shunting at the level of atrium [40]. Therefore, 

Table 19.2  Etiological factors related to venous air 
embolism

Factors

Level of right atrium as related to surgical field
Exposure of large surgical site
Abdominal decompression
Irrigation of wound with hydrogen peroxide
Introduction of gas for investigations
Underlying hypovolemia
Patient on spontaneous breathing

Fig. 19.1  Cerebral paradoxical air embolism
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PEEP should be better avoided in such cases, espe-
cially in sitting position.

Hypovolemia, up-right position, and deep 
inspiration are few factors that may increase the 
risk of VAE when a central venous catheter is 
being inserted or removed.

19.7	 �Diagnosis

Patients at high risk for venous air embolism 
undergoing neurosurgical procedures are moni-
tored routinely with ECG, pulse oximetry, ABG 
analysis, and direct arterial pressure measurement. 
In addition, some specific monitors for timely 
detection of VAE are employed (Table 19.3).

19.7.1	 �Precordial Doppler 
Ultrasound

To detect the entrained air in the right heart, pre-
cordial Doppler ultrasound is the most accurate 
and useful tool [41]. Even a small amount of air, 
as little as 0.25 ml, may be easily detected [42]. It 
is much more sensitive than capnography. The 
location and removal of air is affected by morbid 
obesity as well as the prone or lateral position. 
The probe is placed above the xiphoid and on the 
right side of the sternum [43]. Since it is a subjec-
tive method, it may give false negative results. 
The sound artifacts may be noted while using 
electrocautery at the same time. The probe gener-
ates a signal reflected by circulating blood. The 
change in frequency between this reflected and 
the transmitted signal is translated into sound that 
is easily heard [44]. Before starting the proce-
dure, 0.25–1 ml of CO2 or 3–5 ml of stirred saline 
should be injected into the central catheter so that 
the change in the Doppler tones may be well 
appreciated and a reference point may be noted.

19.7.2	 �Capnography

This is the most frequent and easily accessible 
monitoring, which can detect abrupt fall in 
ETCO2, in case VAE occurs [45]. It has a defi-

Table 19.3  Monitors to detect venous air embolism

Doppler ultrasound Very sensitive, 
noninvasive, early 
detection of VAE
Difficult placement in 
obese, chest wall 
deformity, prone position
Ineffective during 
electrocautery
I.V.mannitol may imitate 
vascular air

Pulmonary artery catheter More sensitive than 
ETCO2

Commonly available
Minimal difficulty in 
placement
Detects RA pressure more 
than PACP
Lumen small, air 
aspiration difficult

Transesophageal 
Echocardiography

Very sensitive
Detects air in left heart
Costly, invasive
Needs continuous 
observation
Not quantitative
Interferes with Doppler

Capnography Easily available
Quite sensitive
Noninvasive
Less sensitive than 
Doppler
Affected by tachypnea, 
COPD

End-tidal nitrogen Precisely for air
Early detection than 
ETCO2

No detection of subclinical 
air embolism
Premature air clearance 
from pulmonary 
circulation
Hypotension affects 
precision

Right atrial catheter Removal of air assists in 
diagnosing VAE
Electrocautery can be 
concurrently used
Useful in measuring CVP 
(increased in air 
embolism)
Lumen is large, sufficient 
amount of air aspirated
May get displaced when 
patient’s position changed
Multiple lumen catheter 
more useful
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nite part to play in locating the air embolism. It 
helps by detecting the rise in arterial to ETCO2 
gradient. Various conditions such as COPD, 
the fall in cardiac output, and tachypnea may 
affect the accuracy of results by capnography. 
A fall of ETCO2, as little as 2 mmHg may indi-
cate the presence of air embolism [46]. 
However, capnography is not so precise, espe-
cially in the presence of hypotension. Also, in 
a patient with spontaneous ventilation, capnog-
raphy may be unpredictable, particularly when 
upper airway is obstructed or if respiratory rate 
is varying.

19.7.3	 �End-Tidal Nitrogen

End-tidal nitrogen (ETN2), though not commonly 
provided in anesthesia machines, is quite a spe-
cific device to detect air embolism [47]. If nitro-
gen is present in expired gas while patient is on 
100% oxygen, there is likely to be VAE. It may 
measure rise in ETN2 as small as 0.04%. The 
changes in ETN2 may occur 30–90 seconds ear-
lier than those in ETCO2, especially when the 
volume of the air entrained is large [48]. However, 
this method is not recommended when nitrous 
oxide is being used, concurrently.

19.7.4	 �Transesophageal 
Echocardiography (TEE)

This method helps to obtain an accurate diagno-
sis and the information provided is substantial 
[49]. It also assists in diagnosing patent foramen 
ovale that is a vital cause of central embolism and 
is present in about 35% of subjects [50]. Out of 
invasive techniques, TEE is the most accurate 
method, not only to detect air embolism but para-
doxical embolism, too [51]. As small volume of 
air as 0.01–0.19 ml/kg, may be detected by TEE 
[52]. One study showed that in case TEE detects 
air embolism without an associated fall in 
ETCO2, there would not be any hemodynamic 
changes [53]. However, TEE is expensive and the 
learning curve is steep and requires expertise. 
Moreover, it is not certain that it may not miss the 

presence of air embolism. TEE is used in about 
38% of patients undergoing neurosurgical proce-
dures as compared to Doppler ultrasound that is 
practiced in almost all the patients [54].

19.7.5	 �Pulmonary Artery Catheter

The pulmonary artery catheter would show an 
increase in PA pressure. It is not so sensitive 
method for monitoring of air embolism (0.25/kg) 
as its sensitivity is only 15% [55]. As in pulmo-
nary thromboembolism, ventilation–perfusion 
scan is same. The perfusion defect found in air 
embolism disappears within a day. It is quite inva-
sive a technique and much less useful as compared 
to Doppler ultrasound. Since its lumen is narrow, it 
is less able to remove the entrained air.

Unless the patient has coexistent cardiac dis-
eases that may require pulmonary artery catheter to 
assess cardiac output, its use is not recommended.

19.7.6	 �Right Atrial Catheter

In case the right atrial catheter has been in place, 
the entrained air may assist in diagnosing VAE, 
especially when electrocautery is concurrently 
used and Doppler signals are obstructed [56]. It 
would also be useful in measuring CVP that is 
increased in air embolism. The catheter orifice 
kept at air-blood interface is the correct site for 
placement. Since the lumen is large, a sufficient 
amount of air may be withdrawn but the prob-
lem is that the catheter may get displaced when 
the patient’s position is changed [57]. Multiple 
lumen catheters are more useful than single 
lumen [58].

19.7.7	 �Transcranial Doppler

Transcranial Doppler has been successfully used 
to detect air bubbles present in the cerebral artery. 
Its sensitivity is 91.3% and specificity 93.8%. In 
a patient of patent foramen ovale, transcranial 
Doppler is helpful in monitoring intracranial air 
embolism [59].
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19.7.8	 �Electrocardiography (ECG)

Changes in ECG following venous air embolism 
are not so sensitive. These are appreciated well 
when air inflow is fast. Findings may include ST-T 
changes that appear first. There may be ST depres-
sion in L1 and avL and ST elevation in inferior 
leads. Tachyarrythmias, bradycardia, and right 
ventricular strain pattern are also observed [60].

19.7.9	 �Pulse Oximetry

The change in oxygen saturation as shown by 
pulse oximeter appears late in the event of venous 
air embolism. Change is not appreciated until 
there is physiological imbalance of a severe type 
because patient receives high concentration of 
inspired oxygen after VAE is established. Both 
oximetry and capnography do not come under the 
category of sensitive monitors.

19.7.10	 �Miscellaneous Methods

Currently, Doppler ultrasound is being employed 
to monitor cerebral circulation. Perioperatively, 
monitoring of middle cerebral artery has been 
used successfully using transcranial Doppler ultra-
sound. Studies are underway to measure the quan-
tity of air and make the device more manageable.

Some studies regarding the changes in bispec-
tral index following VAE can be found in the lit-
erature [61]. But such changes may not only be 
due to air embolism but other factors such as 
increase in depth of anesthesia, too.,

Doppler ultrasonographic monitoring of the 
cerebral circulation uses the same technology 
currently in use for VAE detection. Routine 
carotid Doppler monitoring may not be specific 
in the case of PAE, because any air in the adja-
cent internal jugular veins would also be detected 
by the probe. Transcranial Doppler ultrasono-
graphic monitoring of the middle cerebral artery 
has become increasingly useful in the periopera-
tive setting. Efforts continue to enable quantifica-
tion of embolic air and to make the equipment 
less cumbersome.

During posterior fossa surgery, it is essential 
to monitor the status of cerebral functions. Some 
kinds of monitoring like brainstem auditory-
evoked potential (BAEP), motor nerve stimula-
tion, and electroencephalogram (EEG) are being 
practiced. These monitors are employed in spe-
cific spinal and intracranial surgical 
procedures [62].

19.7.11	 �Complications Following 
Venous Air Embolism

The complications that occur following venous 
air embolism mainly involve three systems, i.e., 
cardiovascular, pulmonary and central nervous 
system (Table 19.4). During surgical procedure, 
there may be premature ventricular complexes in 
addition to murmurs, bradycardia, and tachycar-
dia [63]. Substantial hemodynamic effects and 
heart sound changes occur only when the air 
embolism is massive. Fall in blood pressure 
occurs due to decreased cardiac output owing to 
massive venous air embolism, while other car-
diac features do not last beyond 5 min [64]. The 
changes in ECG come late and may show myo-
cardial ischemic changes, in case the air embo-
lism affects the coronary arteries [65]. The 
occlusion of pulmonary outflow may result in 
right heart failure. Even cardiac arrest may fol-
low if airlock occurs in the right atrium or ven-
tricle. “Gasp reflex” has been described when a 

Table 19.4  Complications of venous air embolism

System Complications

Pulmonary Hypoxemia
Hypercarbia
Pulmonary edema
Pulmonary hypertension

Cardiovascular Arrhythmias
Hypo-/hypertension
Right ventricular failure
Mill-wheel murmur
Ischemic ECG changes
Cardiovascular collapse

Central nervous system Increased cerebral flow
Brain edema
Neurologic disorders
Stroke, coma
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large bolus of air gets entrained in pulmonary 
circulation leading to sudden hypoxia [66]. 
Other important complication is the develop-
ment of pulmonary edema that may occur due to 
air emboli and is not of neurogenic origin in 
which pulmonary artery wedge pressure remains 
unchanged. Persistent rise in pulmonary artery 
pressure may damage the vascular endothelium.

After the surgery, various complications may 
be expected. Neurological disorders may occur 
due to cerebral ischemia, hypoxia, or air embo-
lism leading to rise in ICP, stroke, or even coma. 
Morbidity or mortality has not been established 
as related to VAE, but cerebral trauma may defi-
nitely occur due to cerebral air embolism [67]. 
Convulsions, hemiplegia, nystagmus, and stra-
bismus have also been reported. Postoperative 
cardiovascular problems may include right heart 
failure owing to pulmonary hypertension as 
well as myocardial ischemia following air 
embolism in coronary arteries. Pulmonary 
edema in postoperative period may occur and 
responds to conventional treatment, such as 
diuretics and oxygen [68].

19.7.12	 �Prophylaxis

The first vital factor is the surgical position in 
preventing air embolism. In place of sitting posi-
tion, another position such as “Park-bench” posi-
tion or a low head-up position should be preferred. 
Other recommended position is semi-sitting, 
where the head is at a lower level than legs. This 
causes a positive pressure in transverse as well 
as sigmoid sinuses. The legs raised to the level of 
heart can also facilitate to decrease the pressure 
gradient between the right atrium and the surgi-
cal field.

In case of preexisting right-to-left shunt, addi-
tional precautions and detailed monitoring must 
be undertaken [69]. While inserting or removal of 
central venous catheter, all the risk factors must 
be kept in mind [70]. Keeping the patient well 
hydrated would prevent high pressure gradient 
between cerebral veins and right atrium, there-
fore decreasing the chances of VAE, though no 
measures fully ensure its prevention [71].

It is suggested that the right atrial pressure 
should be kept between 10 and 15 cm H2O.

In the anesthetic technique, ventilation should 
be controlled and nitrous oxide must be avoided 
to prevent air embolism. Drugs that cause vasodi-
latation, such as nitroglycerine should be avoided. 
Use of PEEP in preventing VAE is not estab-
lished. It may decrease blood pressure and may 
increase the risk of PAE.

One must avoid hyperventilation, particularly 
in sitting position. The lower extremities should 
be thoroughly wrapped. Surgical dissection must 
be careful and the use of bone wax be made.

19.7.13	 �Management

The aims of management of air embolism during 
operative procedure include prevention of further 
inflow of air and aspiration of the air already 
present. The treatment of hypotension, hypercap-
nia and hypoxia must be undertaken.

If Doppler monitoring and ETCO2 changes indi-
cate VAE, it should be communicated to the operat-
ing surgeon so that he should irrigate the surgical 
field with saline and saline-soaked dressing and use 
liberal wax to cover the opened blood vessels.

In case there are chances of air embolism, 
bilateral jugular venous compression should be 
employed irrespective of the patient’s surgical 
position [72]. This is a controversial maneuver 
since it may increase the intracranial pressure 
causing cerebral congestion and reduction in 
cerebral perfusion. Keep in mind that jugular 
compression may compress carotid arteries and 
carotid sinus compression may result in 
bradycardia.

Once the air is detected by recommended 
monitors, any air collected in the right atrium and 
superior vena cava must be aspirated immedi-
ately through central venous catheter to prevent 
further damage [73]. It is recommended that air is 
best aspirated with the tip of catheter placed 2 cm 
below the SA node.

Sufficient fluids need to be administered to 
maintain adequate blood pressure. Inotropes such 
as ephedrine, dobutamine, norepinephrine, and 
epinephrine should be kept ready.
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Nitrous oxide increases the size of entrained 
air bubbles, therefore it is rational to discontinue 
its use in high-risk procedures, particularly those 
with intracardiac septal defects. Hundred percent 
oxygen must be started and anesthetic technique 
duly modified [74].

The patient should be given left lateral posi-
tion (Durant maneuver) with head low 
(Trendelenburg position) so that the entrapped air 
is localized in right atrium and spares the right 
ventricular outflow tract.

In high-risk surgical procedures, the employ-
ment of controlled ventilation is suggested, 
intraoperatively.

Adding PEEP is controversial and is generally 
avoided. It may result in paradoxical air emboli 
in a patient with a patent foramen ovale and may 
lead to hemodynamic instability by reducing 
right ventricular preload and venous return. 
Hence, PEEP should not be added unless strongly 
indicated [75].

In case of a massive embolism or cardiac 
arrest, ACLS protocol must be followed and 
advanced resuscitation should be promptly com-
menced [76].

In postanesthesia care unit, management of air 
embolism includes detection and treatment of 
myocardial ischemia as well as avoiding any 
respiratory distress. If PAE is detected, it should 
be duly managed. Routine investigations such as 
ABG and ECG should be undertaken. The exami-
nation of fundus and CT scan is mandatory to rule 
out air in the cerebral circulation. Though MRI is 
considered to be more accurate, its use in criti-
cally ill patients is questionable [77]. If feasible, 
hyperbaric oxygen may be employed in case of 
cerebral embolism as it reduces the size of air 
bubble, promotes nitrogen reabsorption and the 
passage of dissolved oxygen into the blood [78].

Conclusion

Venous air embolism is most frequently 
observed in neurological procedures in sitting 
or semi-sitting posture. Clinically, it is crucial 
to anticipate and prevent this risky event. The 
ideal preparation for this life-threatening com-
plication is to keep constant vigilance toward 
the possibility of venous air embolism, par-

ticularly in the high-risk neurosurgical proce-
dures. Timely detection and quick intervention 
are vital factors in improving the outcome. 
The most reliable and widely practiced moni-
tors to detect air embolism include Doppler 
ultrasound and capnography. Once venous air 
embolism is established, further entrainment 
of air should be prevented, nitrous oxide dis-
continued, 100% oxygen supplemented, and 
the aspiration of air from right atrium carried 
out. Head down with a left lateral position is 
recommended to spare the right ventricular 
outflow tract. Hemodynamic stability must be 
ensured by administering intravenous fluids 
and inotropes. Adequate advanced resuscita-
tion measures are essential in case of a mas-
sive air embolism.
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Blood Glucose Concentration 
Management in Neuro-Patients

Federico Bilotta and Elisabetta Stazi

20.1	 �Brain Metabolism

The energy requirements of the brain are amaz-
ingly high; indeed, while representing only about 
2% of the body weight, its oxygen and glucose 
utilization accounts for approximately 20% of 
that of the whole organism, almost ten times 
more than what would be predicted on a weight 
basis. A similar mismatch is also observed for 
blood flow destined to the brain, which repre-
sents over 10% of the cardiac output [1–3]. 
Glucose is the obligate energetic fuel of the brain, 
but under particular conditions such as fasting or 
uncontrolled diabetes, ketone bodies sustain the 
energetic requirements of the brain [4, 5]. Most 
of the energy (∼80%) is oxidatively produced 
and consumed by neurons to support neuron-to-
neuron signaling and the majority of the energy 
used appears to be consumed at the synapse [6].

Insulin is a peptide hormone produced by b 
cells of the pancreas; the secretion is regulated by 
blood glucose concentration (BGC) and it exerts 
its effects through insulin receptors (IRs). The 
b-IRs are heterodimeric transmembrane glyco-
proteins that belong to the subfamily of tyrosine 
kinase receptors. The b-IRs have a particular dis-

tribution in the brain, with the highest concentra-
tions in the thalamus, caudate–putamen, 
hippocampus, amygdala, and parahippocampal 
gyrus. This distribution suggests that the func-
tions of b-IRs may relate to memory, cognition, 
and neuromodulation [7–10].

Insulin traverses the blood–brain barrier 
(BBB) via receptor-mediated transport which is 
an active adenosine triphosphate (ATP)-
dependent process that decreases with increasing 
plasma insulin levels. The other major route of 
entry from the circulation is through the epithe-
lium of the choroid plexus. The presence of 
lipopolysaccharide-containing bacterial cell 
membrane enhances insulin transport (although 
insulin’s effects are diminished) and resultant 
insulin resistance, often seen during bacterial 
infections. Conversely, steroid therapy inhibits 
insulin transport through the BBB [11–15].

Insulin plays an important role in brain metab-
olism inducing a time- and dose-dependent stim-
ulation of glycogen synthesis. In glial cells, 
insulin increases norepinephrine concentration 
by inhibiting its reuptake culminating in enhanced 
glucose release from glycogen stores. 
Contemporaneously, insulin causes a rise in 
expression of glucose transporters. In addition to 
its effect on neuronal metabolism, insulin acts as 
a neuropeptide with a neuromodulatory role reg-
ulating the activities of excitatory and inhibitory 
receptors, such as glutamate and g-aminobutyric 
acid (GABA) receptors [16–18].
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20.2	 �Blood Glucose Concentration 
(BGC) Variation in  
Neurocritical Patients

20.2.1	 �Hyperglycemia

The American Diabetes Association consensus 
recently established the presence of hyperglyce-
mia when blood glucose concentration (BGC) 
exceeds 140 mg/dL (7.8 mmol/L) in two or more 
plasma samples [19].

Hyperglycemia at the time of acute brain 
injury such as ischemic stroke, cerebral hemor-
rhage, or cerebral trauma, is associated with 
increased morbidity and mortality and a signifi-
cant relation has been reported between hyper-
glycemia and longer intensive care unit (ICU) 
stay, increased infections rate, and worse neuro-
logic outcome. Animal study shows that during 
cerebral ischemia BGC higher than 170  mg/dL 
contributes to extend neuronal injury [20–24].

Stress-induced hyperglycemia and insulin 
resistance are common among critically ill patients 
with or without a history of diabetes mellitus. 
Stress associated with critical illness is character-
ized by activation of neuroendocrine response that 
antagonizes the action of insulin and causes hyper-
glycemia and ketoacidosis. Insulin levels are usu-
ally normal or decreased, despite peripheral insulin 
resistance. Stress-induced neuroendocrine 
response is a consequence of the activation of the 
hypothalamic–pituitary–adrenal (HPA) axis with 
the release of cortisol from the adrenal gland and 
of a marked increase in the release of norepineph-
rine and epinephrine as well as glucagon and 
growth hormone. In addition to causing insulin 
resistance, interleukin-6 (IL-6) and tumor necrosis 
factor-a (TNF- α) inhibit insulin release, an effect 
that appears to be concentration dependent. The 
low to normal insulin levels together with insulin 
resistance in the presence of increased secretion of 
the counter-regulatory hormones result in stress 
hyperglycemia. In the neurocritical care setting, 
another factor that exacerbates hyperglycemia is 
the use of glucorticoids [25–29].

Stress-induced hyperglycemia may cause 
endothelial cell dysfunction, defects in immune 
function, increased oxidative stress, prothrom-

botic changes, cardiovascular effect, and insular 
cortex injury or a direct hypothalamic damage of 
glucose regulatory centers. Hyperglycemia exac-
erbates brain injury through several mechanisms 
including activation of the hypothalamo–hypoph-
yseal–adrenal (HHA) axis, inflammation, periph-
eral and hepatic insulin resistance, reduction in 
perfusion, production of lactic acid and free radi-
cals, raised excitatory amino acids and intracellu-
lar calcium, mitochondrial abnormalities, and 
endothelial dysfunction. Glucose has been shown 
to induce an increase in superoxide generation by 
leukocytes, proinflammatory transcription fac-
tors, and extrinsic pathways of coagulation. This 
dysregulation disrupts the microcirculation, thus 
up-regulating the inflammatory and related 
thrombotic-fibrinolytic mechanisms in the brain. 
In experimental studies, the injection of intraperi-
toneal glucose to produce hyperglycemia during 
induced brain ischemia was associated with a 
24% reduction in regional blood flow. Moreover, 
glucose-induced reactive oxygen species neutral-
ize nitric oxide in the vessel wall and reduce cere-
bral perfusion. Hyperglycemia and subsequent 
lactic acidosis extend the neuronal injury and 
worsen the neurologic outcome. During an isch-
emic event, a local increase in anaerobic glycoly-
sis leads to intracellular acidosis occurring shortly 
after the ischemic insult. The most acidic mean 
cortical pH and high cerebral lactate concentra-
tions developed in animals with acute hyperglyce-
mia thus increase neuronal and glial injury. 
Enhanced acidosis may exaggerate ischemic 
injury through various mechanisms, for example 
by increasing free radical formation, perturbing 
intracellular signal transduction, and activating 
endonucleases. Studies showing that lactic acid 
injected into the cerebral cortex causes histologic 
changes resembling ischemic infarction led some 
to propose that lactic acid accumulation has a 
direct effect on neuronal necrosis [30–33].

20.2.2	 �Hypoglycemia

Hypoglycemia is defined as a BGC of <50 mg/
dL (<2.78 mmol/L) in adults and <30 mg/dL in 
neonates (1.67  mmol/L). Hypoglycemia is a 
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multifactorial event—often as a consequence of 
a strict glycemic control—that can occur under 
any circumstances, although diabetes patients 
are most susceptible. Hypoglycemia is related 
to an increased risk of death, even after a single 
episode of mild hypoglycemia, and to an 
increase in intensive care unit (ICU) length of 
stay [19, 34].

Hypoglycemia has three important effects on 
the brain: it induces a systemic stress response 
(increased sympathetic tone), increases cerebral 
blood flow (CBF), and alters cerebral 
metabolism.

•	 Systemic stress response induction. A sys-
temic, counter-regulatory stress response 
during acute hypoglycemia leads to an 
increase in blood norepinephrine, epineph-
rine, glucagon, growth hormone, and cortisol 
concentrations. Neurologic symptoms with 
slow EEG waves, impaired cognitive func-
tions, and seizures are related to counter-reg-
ulatory stress response. The mechanism 
underlying the appearance of these stress-
related hypoglycemic symptoms is unclear 
but it may be related to neurotransmitter fail-
ure secondary to altered amino acids and ace-
tylcholine synthesis [35, 36].

•	 Cerebral blood flow (CBF) increase. 
Hypoglycemia is associated with loss of cere-
bral autoregulation (reactivity of CBF to 
changes in cerebral perfusion pressure), cere-
bral vasoreactivity (reactivity of CBF to 
changes in PaCO2), and b-adrenoceptor stimu-
lation. During severe hypoglycemia, CBF 
may increase by 300%. The negative effects of 
hypoglycemia on CBF are potentiated when 
hypocapnia coexists [37, 38].

•	 Disturbance in cerebral metabolism. The lack 
of glucose causes changes in neuronal protein 
synthesis, amino acid metabolism, neurotrans-
mitter release, membrane function, and pH 
homeostasis. As hypoglycemia progresses, 
cerebral glucose, glycogen, and lactate con-
centrations decrease. Hypoglycemia-induced 
somnolence and hypoglycemic seizures and 
coma are accompanied by a decrease in cere-
bral glucose uptake [39].

Preventing hypoglycemia and its related neu-
ronal damage is especially important in patients 
receiving neurocritical care. Evidence suggests 
that even moderate hypoglycemia (<70  mg/dL) 
induces derangements in brain metabolism and 
cerebrovascular autoregulation. Furthermore, in 
patients with acute brain injury, BGC below 
80 mg/dL is associated with microdialysis mark-
ers of brain metabolic distress (increased gluta-
mate and lactate/pyruvate ratio) that may be 
potentially detrimental [40].

20.3	 �BGC Monitoring

Glucose measurements in critical ill patients are 
based on intermittent central laboratory analysis 
(CLA) and blood gas analyzer, but obtaining 
them requires extreme precautions to avoid con-
tamination with parenteral solutions, and some 
blood gas analyzers that allow obtaining fast 
and reliable glucose values are not always avail-
able in the ICU or operating room. Point of care 
(POC) devices, although potentially attractive 
because of easy handling and rapid results, are 
not suitable in ICU patients due to inaccuracy 
(differences in results exceeding 20% of a refer-
ence value) related to several clinical and labo-
ratory variables—including inadequate cardiac 
output, arterial hypotension, hypoxia, hemato-
crit values, pH, associated therapies—that may 
lead to excessive insulin administration with 
resultant hypoglycemia which is a major con-
cern in the ICU or operating room. However, 
intermittent measurements are limited by the 
workload associated with the sampling process 
and the potential that between-measurement 
events may be missed. In recent years, continu-
ous glucose monitoring (CGM) and closed-loop 
glycemic control systems have been developed, 
at first for ambulatory patients with type I diabe-
tes, in which minimally or non-invasive mea-
surements can be obtained with tissue probes. 
With CGM, glucose is continuously monitored 
and it can further be combined with a closed-
loop glycemic control system, in which com-
puter-regulated algorithms incorporate the 
real-time glucose information to administer 
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insulin and glucose to meet predefined target 
blood glucose concentrations. These systems 
have several potential benefits, such as reduc-
tion of labor of nursing staff and a knowledge 
about trends in a patient’s blood glucose con-
centration as well as a patient’s insulin require-
ments. The use of CGM systems has yielded 
inconsistent results. Many trials report accurate 
glucose measurements compared with intermit-
tent arterial blood glucose measurements, 
whereas other studies demonstrate that while 
CGM technology can be useful in the ICU, cur-
rent CGM systems are not yet reliable enough to 
be used in critically ill patients [34, 41–48].

Techniques currently used for CGM are based 
on the following:

•	 Glucose-oxidase technique is based on the 
sensing of hydrogen peroxide (H2O2) released 
when glucose is converted to glucolactone: 
the greater the concentration of glucose, the 
more H2O2 will be released and the stronger 
the signal.

•	 Mid-infrared spectroscopy detects an absorp-
tion spectrum for glucose in plasma using dif-
ferent wavelength filters.

•	 Fluorescence techniques rely on quenched 
chemical fluorescence to measure glucose 
concentration.

CGM can be performed in whole blood, 
plasma, interstitial fluid, and microdialysis 
fluid and the degree of invasiveness of a CGM 
technique varies from highly invasive (for 
example, intravascular devices) through the 
minimally invasive subcutaneous techniques, 
to non-invasive transdermal devices. The type 
of monitor selected should be adjusted to 
patient characteristics, including the severity 
of illness of the patient and the type of access 
available. A critical and unstable ICU patient 
will have arterial and/or central venous lines 
allowing invasive intravascular monitoring, 
whereas a stable patient ready for ward transfer 
can be monitored using a less or non-invasive 
device [49].

20.4	 �Glycemia Management 
in Neuro-Patients

BGC management and control in critical care 
(CC) patients and neurocritical care (NCC) 
patients, in particular, has evolved dramatically 
over the past years and remains under active 
investigation and debate about the ideal target 
range and impact of dysglycemia (hyperglyce-
mia, hypoglycemia, and variable glucose levels) 
on outcome in the heterogeneous ICU popula-
tion. Traditionally, BGC management in critical 
care patients was mostly overlooked and “per-
missive” hyperglycemia was the standard of care. 
Afterwards, several reports have proposed the 
intensive insulin infusion therapy (IIT) targeted 
to tighten glycemia control (T-GC, i.e. target 
blood glucose concentration 80–110 mg/dL) for 
glycemia management in critical care patients. 
However, this approach increases episodes of 
hypoglycemia and is potentially associated to 
worsened long-term functional status [35, 50–
54]. According to the NICE-SUGAR data results, 
there is no additional benefit from lowering BGC 
levels below a “moderate” target range (140–
180 mg/dL); this range is associated with lower 
90-days mortality compared to “tight” BGC (tar-
get range 80–110 mg/dL) and to a lower risk of 
episodes of severe hypoglycemia. In a more 
recent prospective nested cohort study in 523 
medical/surgical ICU patients assigned to 1 out 
of 6 BGC target range group treatments (group1 
BCG <108 mg/dL; group 2 BGC 108–114 mg/
dL; group 3 BGC 115–128 mg/dL; group 4 BGC 
129–145 mg/dL; groups 5 BGC 146–181 mg/dL; 
group 6 BGC >181 mg/dL), the 129–145 mg/dL 
target range was associated with the lowest mor-
tality rate. The authors concluded that targeting 
BGC to <146  mg/dL (“advanced” BGC target 
range: 129–145  mg/dL) is associated with less 
risk of inadvertent hypoglycemia and represents 
an optimal BGC level in critically ill patients 
[55–59].

Blood glucose management in NCC patients, 
addressed to actively maintain BGC within defined 
thresholds, is based on two major therapeutic 
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interventions: to supply an adequate calorie load 
and, when necessary, to continuously infuse insu-
lin titrated to patients’ needs.

Initiating a strategy of blood glucose control 
with a nutritional protocol—with the preferential 
use of the enteral route—and adequate provision 
of calories and carbohydrates decreases the risk 
of severe hypoglycemia. This strategy of BGC 
control should be carefully coordinated with the 
level of nutritional support and metabolic status, 
which changes frequently in NCC patients. A 
recent study evaluated the nutrition protocol’s 
influence on brain metabolism using microdialy-
sis in patients with SAH.  Two hours after 250 
Kcal by nasojejunal tube feeding, there were 
simultaneous increments in glucose levels in the 
blood and cerebral extracellular space without a 
change of glutamate concentration or the L/P 
ratio. Stress hyperglycemia exacerbates the dis-
orders in gastric motility as a result of several 
factors such as cytokines produced by inflamma-
tion, oxidative stress, vasoactive intestinal pep-
tides, splanchnic hypoperfusion, and drugs such 
as phenytoin, steroids, and opioids. Acute gastro-
paresis differs from diabetic gastroparesis in that 
it is reversible and sensitive to prokinetics. Acute 
gastroparesis causes an interruption of appropri-
ate feeding, which contributes in a wider variabil-
ity in blood glucose levels, showing an increase 
in insult severity. However, solid clinical evi-
dence and practical considerations are not pro-
vided for nutrition support regimens to minimize 
stress hyperglycemia and assist glucose manage-
ment. Actual guidelines are based on small 
patient series and expert opinion only. Current 
recommendations for good glucose control and 
nutritional support are (1) prefer enteral route; 
(2) nutrition should be initiated in all patients 
who are not expected to be on a full oral diet 
within 3 days of stay; (3) early nutrition (<24 h) 
should be started in CC patients who are hemo-
dynamically stable and have a functioning gas-
trointestinal tract; (4) in patients who cannot be 
fed sufficient enterally, the deficit should be sup-
plemented parenterally while in those who are 
intolerant to enteral nutrition, parenteral nutrition 

may be proposed at a unique route; (5) avoid 
excessive caloric intake, especially carbohy-
drates—no more than 25–30 calories per kg body 
weight per day; (6) 25% of intake in the form of 
lipids; (7) insulin therapy according to needs 
[60–65].

High serum glucose variability and differ-
ences in complexity of the glycemic profile pre-
dict increased risk of death in ICU patients. 
Sudden changes in BGC should be minimized 
and therefore, insulin bolus injections—both 
intravenous and subcutaneous—and the infusion 
of solutions containing high glucose concentra-
tion—sometimes prescribed to correct iatrogenic 
induced hypoglycemia—should be avoided. The 
target BGC level is not the only variable that 
affects the relationship between insulin infusion, 
the risk of iatrogenic hypoglycemia, and ICU 
outcome. Among the most relevant variables that 
contribute to determine the effects of insulin 
infusion on BGC are duration of insulin infusion 
and the changes in insulin sensitivity over time. 
The duration of insulin infusion is a predictor of 
severe hypoglycemia (BGC <40 mg/dL), as dem-
onstrated in a retrospective analysis in 1118 ICU 
surgical patients treated with tight BGC (target 
BGC 80–110 mg/dL). This study confirmed the 
increased odds for death among patients even 
after a single episode of hypoglycemia (26.9% vs 
15.3%, P = 0.03) and showed how occurrence of 
severe hypoglycemia does not reflect illness 
severity or demographic features but is related to 
the time of insulin infusion. The relationship of 
length of insulin infusion can possibly be 
explained by the induced changes in insulin sen-
sitivity [34, 66–68].

Clinical application of IIT is usually accom-
plished with regular human insulin (Hlin) con-
tinuous infusion. Shorter acting insulin 
formulations, such as lispro insulin (Hlog) have 
faster onset and offset kinetics than Hlin and are 
thus more suitable for IIT in critical care patients. 
The molecular structure of Hlog is characterized 
by a change in the amino acid sequence of the 
insulin B chain—with proline in position 28 and 
lysine in position 29 inverted Lys(B28),Pro(B29). 
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This pharmacokinetic profile leads to a faster rise 
in plasma concentration, a higher peak concen-
tration, and a shorter duration of action than Hlin. 
The use of Hlog in patients receiving IIT is asso-
ciated with a faster BGC reduction when infusion 
is started while after insulin discontinuation, the 
extent and duration of carryover effect were more 
limited and the rate of BGC increase was more 
rapid. In the NCC setting, shorter acting insulin 
analogs such as Hlog have a safer profile when 
used as continuous infusion for glycemic control 
as decreased risk of hypoglycemia in the carry-
over phase and the risk of high glucose variability 
[69, 70].

20.5	 �BGC Management 
and Specific Neurocritical 
Conditions

20.5.1	 �Intracerebral Hemorrhage

Current guidelines from the American Heart 
Association recommend BGC strict monitoring 
to avoid hypoglycemia episodes and high BGC 
variation.

20.5.2	 �Subarachnoid Hemorrhage

Recently published guidelines from the 
American Heart Association emphasize the 
importance of avoiding hyperglycemia in 
patients with aneurysmal SAH, but without pro-
viding specific recommendations on target glu-
cose levels.

20.5.3	 �Traumatic Brain Injury

Guidelines from the Brain Trauma Foundation 
and the European Brain Injury Consortium [84] 
highlight the association of hyperglycemia with 
worse prognosis after severe brain trauma, but 
these documents do not specify which glucose 
level should be considered as a trigger for initiat-
ing insulin therapy.

20.5.4	 �Acute Spinal Cord Injury

The consortium for Spinal Cord Medicine rec-
ommend maintaining serum glucose values 
between 80 and 110  mg/dL (4.4–6.2  mmol/L), 
albeit acknowledging a low level of evidence to 
support such recommendation [71–73].

Conclusion

In conclusion, BGC management is a demand-
ing task that includes specific and unique 
aspects when accomplished in patients with 
acute brain damage. Among the relevant 
aspects, some deserve extra attention: in 
patients with acute subarachnoid hemorrhage, 
a BGC <110 mg/dL is associated with brain 
metabolic derangement, in patients with trau-
matic brain injury, stress hyperglycemia is fre-
quent, it complicates up to 20–30% of the 
cases and is associated with higher incidence 
of in-hospital morbidity and mortality and 
worse neurological follow-up. The use of 
short-acting insulin induces shorter carry over 
effects and is possibly associated with lower 
risk of induced hypoglycemia. Nutritional 
supply to be established the sooner after acute 
brain damage is a prerequisite for continuous 
insulin infusion.
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Anaesthesia for Deep Brain 
Stimulation
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21.1	 �Introduction

In the 1980s, the first commercially developed 
deep brain stimulation (DBS) system became 
available. This coincided with the awareness that 
permanent destructive brain lesions performed 
intentionally was less favourable compared to a 
system that was reversible and adjustable. In a 
short matter of time, it was found that pallidal 
activity could be suppressed with DBS, hence, 
relieving dystonic symptoms of Parkinson’s dis-
ease [1].

Currently, DBS is increasingly being used not 
only in the treatment of chronic movement disor-
ders but also in psychiatric disorders and chronic 
pain. As the brain targets are deep and small, ste-
reotactic frames are used to increase accuracy of 
electrode placement. Improvement of symptoms 
is assessed intra-operatively via electrophysio-
logical guidance using mircroelectrode record-
ings (MER) and macrostimulation testing. This 
further enhances results while reducing the 
occurrences of side effects.

Brain targets vary depending on the intended 
aim of treatment. Movement disorder targets are 
the subthalamic nucleus (STN), globus pallidus 
internal (GPi) and ventralis intermedius nucleus 

of the thalamus. Target sites are chosen to attain 
the best therapeutic effect.

Currently, approved conditions and respective 
locations, treatable by deep brain stimulation by the 
Food and Drug Administration, are as follows:

Condition Location

Parkinson’s disease Subthalamic nucleus, globus 
pallidus internus

Essential tremor Ventral intermediate thalamus
Dystonia Anterior limb of internal 

capsule
Obsessive compulsive 
disease

Anterior nucleus of thalamus

Epilepsy Ventrocaudal thalamus, 
periventricular grey

On the other hand, DBS has been investigated 
for the treatment of depression, Tourette syn-
drome, headaches, obesity, Alzheimer’s disease 
and minimally conscious states [2]. The target 
sites vary from the subcallosal cingulate gyrus to 
the hypothalamus.

Thus, the choice of anaesthetic technique 
must have the least interference during the proce-
dure while ensuring patient safety and comfort.

21.2	 �Technique

The entire process is very time consuming but 
definitely fulfilling not only for the patient but 
also for the health care personnel. Implantation 
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may be performed in either a single or two-staged 
operation. The two-staged operation arose from 
fears of infection.

The process begins with the application of a 
stereotactic frame, which is usually placed under a 
local anaesthetic technique. Both scalp blocks and 
local infiltration at potential pin sites areas have 
been performed and reported. Local anaesthetics 
that have been used are bupivacaine (0.5%), 
levobupivacaine (0.5%) and ropivacaine (0.75%), 
supplemented with adrenaline to reduce toxicity 
and prolong drug action [3]. This is followed by a 
magnetic resonance imaging (MRI) or computed 
tomography to obtain target coordinates based on 
anatomical imaging using computer software.

The patient returns to the operating theatre 
where the frame is attached and a geometric arch 
is placed. Further local anaesthetic is given prior 
to making a planned incision and drilling of a burr 
hole is performed. The dura is incised and intra-
operative electrodes are inserted to a location 
10–25 mm above the targeted site. Microelectrode 
and macrostimulation during the procedure allows 
accurate localization. A neurologist is present to 
assess the improvement of symptoms with differ-
ent levels of stimulation through an external pac-
ing device. Attention is also paid to occurrence of 
side effects such as speech impairment, eye devia-
tion, weakness and tonic movements. Optimal 
target implantation is based on the variation in 
spontaneous background firing, spike discharges 
and movement-related changes in firing rate [2].

Recently, studies combining interventional 
MRI (iMRI) with special aiming systems and 
software have alluded to the future of DBS sur-
gery. Hence, allowing the procedure to be per-
formed under general anaesthesia as no 
macrostimulation is needed and the absence of a 
bulky stereotactic frame.

21.3	 �Pre-operative Assessment

A good post-operative outcome is always deter-
mined by prudent patient selection. As this pro-
cess involves many aspects of patient care and 
well-being, a multidisciplinary team approach 
would be appropriate for such a complex task. 
Suitability for surgery is dependent on the 

patient’s general physical condition with atten-
tion to cardiopulmonary comorbidities, psychiat-
ric history and cognitive function [4]. 
Contraindication to DBS includes an increased 
bleeding risk with brain penetration, patients who 
may need to be exposed to MRI, patients who 
require the use of shortwave, microwave or thera-
peutic ultrasound diathermy.

An “awake” technique not only requires a co-
operative patient but also the ability to remain fairly 
still. Perioperative neurological status should be 
documented in view of the possibility of deteriora-
tion post-operatively. Medication regimes should 
also be scrutinized and the patient made aware of 
medications to be taken on the day of surgery.

21.4	 �Anaesthetics

The anaesthetic aim for deep brain electrode 
insertion is to:

	1.	 Provide optimal surgical conditions without 
sacrificing patient comfort and safety

	2.	 Facilitate intraoperative monitoring which 
includes neuromonitoring for target 
localization

	3.	 Ensuring patient safety by detecting and treat-
ing life-threatening complications

Anxiolytic premedication such as benzodiaz-
epines should be used cautiously as they can 
result in not only over-sedation but also paradoxi-
cal agitation [5] and dyskinesia [6]. Anti-emetics 
such as metoclopramide should also be avoided 
in Parkinson’s/dystonia as they can exacerbate 
symptoms [5]. Suitable first-line anti-emetics 
would be ondansetron and dexamethasone [7]. 
However, one should be aware that ondansetron 
can also cause extrapyramidal side effect. Further 
reading on the advantages and disadvantages of 
drugs used in deep brain stimulaton can be found 
a review article by Ryan Gant and collegues [8].

Provision of sedation is usually welcomed by 
both the surgeon and the patient. Conscious seda-
tion where the patient is able to carry out verbal 
commands and communicate during macrostimu-
lation is the preferred type of sedation. There is 
however a small group of surgeons who request 
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for no sedation at all. Deep sedation increases the 
risk of respiratory compromise, which, when com-
pounded by the presence of the frame, severely 
jeopardizes patient safety. General anaesthesia, for 
the entire procedure, has also been reported by 
some centres with comparably good outcomes.

The two major conscious sedation techniques 
are the asleep–awake–asleep (AAA) and moni-
tored anaesthetic care (MAC) with sedation [5]. 
The paediatric population commonly use the AAA 
technique not only because of obvious age-related 
challenges but also due to poorly controlled dysto-
nia making awake positioning difficult [9]. There 
are however certain centres that perform the entire 
procedure for adults under general anaesthesia 
with favourable end results [5].

Many studies have been done with regard to the 
best technique in order to achieve optimal surgical 
conditions with sedative agents without impacting 
the alertness or respiratory effort of the patient. 
The anaesthetic technique ranges from conscious 
sedation with drugs such as propofol and/or dex-
medetomidine, small amounts of remifentanil, to 
general anaesthesia (achieved with either inhala-
tional agents or intravenous agents) [2].

Propofol requires special mention due to its 
peculiar pharmacokinetic behaviour in patients 
with Parkinson’s disease, thus resulting in a dif-
ferent steady state of plasma for optimal sedation 
without airway compromise [10]. Another 
unusual side effect is its tendency to cause sneez-
ing in certain occasions.

Blood pressure control is essential during 
DBS surgery. This is complicated by the fact 
that many of the diseases requiring DBS sur-
gery have autonomic dysfunction, which can 
potentially result in a fluctuating blood pres-
sure. Acid aspiration prophylaxis should also 
be considered in view of possibility of nausea 
and vomiting [11].

21.5	 �Side Effects

Stimulation itself has its own side effects such as 
induction of paraesthesia, involuntary movements 
or cognitive and mood changes. Fortunately, pre-
cise electrode placement and adjustment of stimu-
lation parameters can abolish them.

Based on studies by Khatib, Venkatraghavan 
and colleagues, the overall complication rate ranges 
from 11.6 to 16% [12, 13]. Neurological complica-
tions rate the highest with a reported 3.6% [12]. A 
seizure rate of 4.5% was reported by Venkatraghavan 
and colleagues. The next commonest neurological 
complication was decreased consciousness and 
confusion in 2.8% [12]. Haemorrhage was reported 
between 0.3 and 0.6% [13, 14].

Respiratory complications rate ranged from 
1.1 to 1.6% [12, 13]. The complications ranged 
from the need for mechanical ventilation to air-
way obstruction [12, 13]. The commonest cardio-
vascular complication was hypertension and its 
incidence ranged from 0.4 to 3.9% [12–14]. 
Finally, other forms of complications, for exam-
ple, blood loss, coughing/sneezing, ranged from 
0.6 to 1.2% [12–14].

21.6	 �Neurological

The major surgery-related risk is intracranial 
haemorrhage with a reported incidence as high as 
5%; of which in 2.1% result in permanent neuro-
logical deficit and in 1.1% in death [15]. Seizures 
generally occur within 48 h of surgery with an esti-
mated incidence of 2.4% [16, 17]. An eightfold 
increase in incidence of seizures occurs in patients 
with multiple sclerosis, hence suggesting the need 
for the use of anticonvulsants in this group of 
patients [18]. Venous air embolism though rare has 
also been reported. Chronic changes such as 
mania, depression, apathy, panic, impulsivity, anx-
iety, hallucinations and even suicidal ideation are 
multifactorial in origin, hence management should 
be approached in a multidisciplinary approach.

21.7	 �Respiratory

Its incidence has been shown to occur between 
1.6 and 2.2% patients [19]. Respiratory depres-
sion can result from either over-sedation or 
neurological insult as a result of the procedure. 
This problem is complicated by the presence of 
the stereotactic frame, which can impede respira-
tory resuscitation intervention. Parkinson’s dis-
ease can also affect the respiratory system.
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21.8	 �Anaesthetic Considerations 
for Patients with DBS 
Implant

As DBS becomes a more common form of treat-
ment for patients with not only Parkinson’s dis-
ease and other movement disorder, the 
anaesthetist will inevitably be faced with such 
patients needing to undergo some surgical proce-
dure requiring anaesthesia.

Poon and Irwin give a concise table on poten-
tial devices that can cause interference with DBS 
implants [19]. The use of short-wave diathermy 
can cause brain damage as the electrodes get 
heated; hence, its use is absolutely contraindi-
cated. Phacoemulsification, peripheral nerve 
stimulation and electroconvulsive therapy (with 
the ECT electrodes placed away from the DBS 
hardware) appear to report no interference. 
Similar electrical devices such as pacemakers, 
electrocautery, external defibrillators and internal 
cardioverter defibrillator (ICD) can be used with 
special caution as dangerous interactions can 
occur. MRI safety guidelines are also available 
for patients with DBS implants.

�Conclusion

The anaesthetist plays a very important role 
during DBS electrode insertion. A sound 
knowledge of pharmacological agents to be 
used to ensure optimal condition for electrode 
insertion and patient comfort is needed. 
Patient safety is enhanced by an awareness of 
potential complications of the procedure. 
Finally, as this mode of treatment becomes 
more accessible, the knowledge of potential 
interaction is useful when faced with patients 
who come into theatre for other procedures.
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Intraoperative Magnetic 
Resonance Imaging

Pui-San Loh and Ramani Vijayan

22.1	 �Introduction

The advent of intraoperative magnetic resonance 
imaging (iMRI) since the 1990s has revolutionized 
modern neurosurgery to what it is today [1]. By 
combining the non-invasive imaging capability of 
MRI with an operative space, surgeons can now 
locate and excise lesions precisely, gaining instant 
quality control over every step in their workflow [2].

Neuronavigation no longer needs to depend 
on archived images but appropriately timed 
scans uploaded for real-time guidance. This 
improves precision in the surgical field that is 
affected by intraoperative brain shift and distor-
tion from multiple factors such as position 
changes, anaesthetic effects, cerebral spinal fluid 
(CSF) loss, tissue type, resected mass and of 
course, surgical duration [3]. Patients benefit 
from not only improved overall gross tumour 
resection rates but also preserved vital neurovas-
cular structures and eloquent areas; an advantage 
most prominently seen in glioma craniotomy 
and pituitary tumour resection. With this tech-
nology, more than a third of gliomas and a fifth 
of pituitary adenomas were reportedly requiring 
further resection. Furthermore, biopsies and 
implantations can be performed with minimal 

surgical damage [4]. In the younger age group, 
the need for additional resection in the immedi-
ate post-operative period of 2  weeks is also 
reduced [5].

However, intraoperative imaging comes with 
its own set of challenges with regard to both costs 
and logistics. This chapter focuses on the chal-
lenges faced with providing anaesthesia for iMRI 
in neurosurgery.

22.2	 �Types of iMRI

The set-up of iMRI has followed two general 
concepts: operating within the magnet with con-
tinuously refreshed images and a dual-room suite 
offering both surgical and diagnostic facilities. 
Either magnet or patient can be stationary in the 
dual-room concept.

22.2.1	 �Open

The original ‘open’ system started with a station-
ary magnet (0.5 T) and a stationary patient [6]. 
The main advantage is its ability to obtain fre-
quent ‘real-time’ images but despite this, there 
are several setbacks. First of all, working space is 
limited for both surgeons and anaesthetists. 
Second, all equipment including surgical instru-
ments must be MRI safe. These tools are not only 
costly but their quality is also often inferior to 
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conventional instruments [7]. Newer systems 
then progressively looked into improving the 
resolution with a stronger magnetic field com-
pared to the prototype.

22.2.2	 �Dual-Room

Later development has seen the growth in the con-
cept of having two independent rooms, one with a 
MRI machine of 1.5–3.0 T, separated by an air 
lock chamber that could be linked when iMRI is 
needed in the adjacent operating suite. The initial 
cost for such a system can be prohibitive but may 
have a better cost: benefit ratio eventually because 
ongoing diagnostic scans can be carried out until 
imaging is needed for the surgical case. In this 
way, either magnet or patient can be placed sta-
tionary with the other moving towards it.

The additional advantages of utilizing a dual-
room iMRI will be a less impaired surgical 
access and allowance for normal surgical instru-
ments such as regular microscopes, drills, 
retractors and conventional navigation reference 
frame [7]. However, intraoperative imaging for 
craniotomy lengthens the procedure as image 
acquisition can only occur after the patient has 
been placed within the magnet [8]. With an open 
cranium, it is imperative to maintain sterility 
throughout the process of transfer and allow-
ance made for head positioning within the iso-
centre of the scanner.

Apart from common advantages in the dual-
room system, when the magnet is mobile, metic-
ulous care is taken to ensure all ferromagnetic 
items such as the operating microscope, high-
speed drill and bipolar cautery are secured 
beyond the 5 Gauss (5-G) line. All electric cir-
cuits entering the radiofrequency cabin will be 
filtered with the data and video lines transferred 
to the control room via a fibre-optic cable [9].

The major setback of having the patient 
mobile instead of the magnet lies in the need to 
transfer an anaesthetized patient in a process 
involving docking onto a MRI compatible trolley 
and ensuring adequate monitoring plus ventilator 
support throughout the scanning process in the 
MRI suite [7]. As an added advantage, such a sys-
tem provides an opportunity to include several 

different modalities such as positron emission 
tomography and biplanar fluoroscopy.

22.3	 �Providing Anaesthesia 
for iMRI

The anaesthesia provided for a surgery with iMRI 
planned is different compared to those with no 
such requirements. The planning starts much ear-
lier for the neurosurgical case and additional 
steps have to be taken to ensure MRI safety and 
efficient workflow which will not interrupt the 
duration of the surgery nor compromise patient 
safety. As a comparison, the flow chart below in 
Fig. 22.1 demonstrates the workflow of providing 
anaesthesia for a normal neurosurgical case and 
another with iMRI planned in a dual-room sys-
tem where either the magnet or patient is mobile.

The practice of iMRI should follow recom-
mended inernational guidelines in anaesthetic 
care for MRI. In the most recent Practice 
Advisory on Anaesthetic Care for MRI by the 
American Society of Anaesthesiologists Special 
Task Force, several items have been highlighted 

Fig. 22.1  The iMRI dual-room suite with the docking 
trolley in front and an MRI-compatible ventilator by the 
side of the stationary magnet (Picture courtesy of Centre 
of Image Guided and Minimally Invasive Therapy  – 
CIGMIT, University Malaya Medical Centre)
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which can be adopted in iMRI [10]. The Practice 
Advisory differs from documents published pre-
viously by focusing specifically on anaesthetic 

care of patients in the MRI environment com-
pared to broader safety issues by other organiza-
tions’ guidelines (Figs. 22.2 and 22.3).

Margins of tumour cleared

Decision for surgery

Non iMRI

Pre-operative assessment of patient

Induction of anaesthesia

Positioning

Neurosurgical procedure

Post-anaesthetic care unit

Reversal and emergence from anaesthesia

Close the cranium

Repeat iMRI

Neurosurgical procedure

Pre-operative MRI

R
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id
ua

l t
um

ou
r

Prepare for docking and 
transfer of patient

Clear all non-MRI safe
equipment or safely secured

outside 5-Gauss line.

Magnet mobile Patient mobile

Positioning of patient on MRI
compatible frame

Induction of anaesthesia

Preparation of operating theatre for
MRI safe/compatible anaesthetic and

surgical equipment

Pre-operative assessment and
MRI screening of patient

Planned for iMRI

Fig. 22.2  Workflow to compare a non-iMRI case on the left and iMRI on the right
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22.4	 �Anaesthetic Concerns

22.4.1	 �Training

Specific training modules must be developed to 
orientate the whole team working together in the 
MRI suite [7]. Basic information on work safety 
in an MRI environment and special consider-
ations for iMRI such as steps in docking and 
transferring a patient or mobile magnet must be 
included. The team members who need to 
undergo this training include surgeons, anaesthe-
siologists, nurses and the radiographers. An MRI 
safety officer as the Chief in Training should be 
selected to document the training records and the 
list of trained personnel so that only dedicated 
staff is allowed to manage iMRI cases. Access 
ought to be restricted to those who are untrained 
or who are not involved in the surgery.

22.4.2	 �Planning and Communication

Although the neurosurgeons take the lead to 
decide for iMRI in their cases, planning and tim-
ing must be communicated to the anaesthetic 
team and other care providers to facilitate prepa-
rations for MRI safe equipment, longer lines and 
placement of monitoring items. Vigilant care must 
be applied for clear reasons to ensure MRI safety 
and the sterility of an open cranium. Hence, good 
communication is vital and with time, the process 
becomes smoother and faster to accomplish.

22.4.3	 �Equipment Safety

Preparation of an MRI-safe environment includes 
labelling and identifying items and devices that 
are safe to be used and positioned within the 
magnetic field or otherwise. Specific terminology 
has been established to describe the relative 
safety of items in an MRI environment. MRI safe 
describes an item that poses no risk and likewise 
MRI unsafe means the item is a hazard in such an 
environment. MRI conditional refers to items 
that have no known hazards under specific condi-
tions of use in a specified MRI environment. 
Such an example would be an MRI conditional 
anaesthetic machine specified for use under con-
dition for 100 Gauss in a 1.5-T magnet which 
means it would be unsafe beyond that field 
strength [11]. Similarly, certain infusion pumps, 
warming blankets, temperature probes and even 
pacemakers are available as MRI conditional 
now. Another terminology is MRI compatibility, 
a requirement that the magnetic field does not 
affect a device and vice versa, the device should 
not interfere with the imaging process 
(Table 22.1).

22.4.4	 �Checklist

An important concept to remember is that the 
magnet is always on [13]. A checklist is used to 
ensure all appropriate steps are followed for a 
safe transfer of the patient to the MRI suite or 

1. Education

2. Screening of anaesthetic care providers and ancillary support personnel

3. Patient screening

4. Preparation –

· Plan for providing optimal anaesthetic care

5. Management during MRI –

· Monitoring
· Anaesthetic care
· Airway management
· Emergencies

6. Post-procedure care

Fig. 22.3  A summary of the 
highlights from the ASA task force in 
2015 [10]
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the transfer of the magnet into the operating 
suite which must be done with extra caution. 
When iMRI is undertaken, only designated 
anaesthetic care providers and MRI staff 
should be involved. An assigned officer, who 
may be the nurse manager, takes the lead to 
call for time out and reads the checklist aloud 
to tick off all necessary items in the presence 
and attention of the whole team. When the 
scanner is not in use for the surgical case, the 
connecting door should remain closed at all 
times for the two rooms to function separately 
(Table 22.2).

Table 22.1  Common equipment and devices used in the 
operating theatre (OT) that need to be located outside the 
5-G line before iMRI

Anaesthetic equipment
Anaesthesia machine (unless MRI compatible)
Anaesthesia cart
Resuscitation trolley
Monitoring – Pulse oximetry, ECG, blood pressure 
(unless MRI compatible)
Desflurane vaporizer [12]
Invasive monitoring transducers
Needles and guidewires
Armoured tracheal tubes
Stethoscopes
Warming blanket device
Intravenous fluid warmer
Nerve stimulators
Temperature probe
Poles for intravenous fluids
Oxygen tanks, regulators and holder (unless MRI safe)
Surgical items
Diathermy – foot pedals, cautery pads and cords
Unsafe instruments – clamps, retractors
Microscope
Headlights, loops
Neuronavigation equipment
General use
Garbage bins
Buckets
Stools and steps
Patient folders
Pens
Handphones, pagers

Table 22.2  Example of an iMRI anaesthetic checklist 
for a stationary magnet and mobile patient system

Pre-induction ()
Patient particulars and consent checked
Surgical position confirmed
Both ventilators and circuits in OT and MRI checked
MRI compatible ECG dots/ lead and SpO2 probe/ 
cable available
MRI compatible oxygen tank with resuscitator 
bag/ T-piece available
Anaesthetic personnel cleared of electrical/ 
ferromagnetic items
Induction
MRI compatible ECG dots placed
Plain PVC tracheal tube
Intubate patient on trolley
NO ferromagnetic items on patient canvas and OT 
table before transfer
Before sterile draping
Monitoring lines, catheters and circuit that need to be 
removed before the transfer to MRI are assessable
Perfusor tubings and intravenous lines secured and 
adequate in length
Docking
Arterial, CVP monitoring lines, hotline and forced 
air warmer disconnected, temperature probe removed
Catheter bladder drain, lines and any other tubes 
removed from sides of OT table
Manual ventilation taken over
Oxygenation maintained before removing 
non-MRI compatible SpO2

Transfer from OT to MRI
Confirm patient’s haemodynamic stability for 
transfer
MRI ventilator, circuit and monitor checked and 
complete
NO electrical/ ferromagnetic items on patient, 
trolley and anaesthetists/ assistants
Pathway of transfer cleared
MRI suite
IPPV ventilation instituted
MRI-compatible SpO2, ECG and NIBP monitoring 
on
Intravenous line and drug perfusion running well
Back in OT
IPPV ventilation re-instituted
Arterial, CVP monitoring lines, hotline and forced 
air warmer reconnected
Non-MRI compatible SpO2, ECG and NIBP 
monitoring on

OT operating theatre, IPPV intermittent positive ventila-
tion, SpO2 pulse oximetry, ECG electrocardiograph, NIBP 
non-invasive blood pressure, CVP central venous pressure
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�Conclusion

The iMRI suite is considered a hybrid, com-
bining elements of an MRI interventional 
radiology unit with an operating room. In an 
increasingly technology driven field of medi-
cine and science, the human factor remains  
the most critical. Therefore, communication 
remains the most important element to stress 
upon with all respective roles in iMRI clearly 
outlined for such a practice to be useful and 
safe in neurosurgery.
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Sedation in Neurocritical Units

Rafael Badenes and Mario De Fez

23.1	 �Introduction

Sedation is an essential component of treatment 
in intensive care units (ICU). The patients admit-
ted to the ICU are sedated using intravenous 
drugs: propofol and midazolam. This has been 
observed in review studies [1–3] and clinical 
guidelines [4]. However, these agents have phar-
macological characteristics that make them far 
from ideal [5]. Neurocritical patients with brain 
injury tend to be found subject to complex neuro-
monitoring and instrumentation such as external 
ventricular drains, intracranial monitors, and 
multimodal monitors for hemodynamic and 
respiratory control that may lead to discomfort 
and irritation in a patient among whose main 
needs is getting enough brain rest to prevent sec-
ondary damage that may arise after trauma. This 
type of patients deserves special consideration 
with regard to the current trend of early cessation 
of sedation. For patients with elevated intracra-
nial pressure (ICP), those who require muscular 
relaxation for any reason or patients in status epi-
lepticus, the temporary or permanent cessation of 
sedation would not be recommended [6, 7].

Sedoanalgesic drugs with an ideal profile for a 
patient with intracranial hypertension (IH) should 
be capable of decreasing this ICP, maintaining 
adequate cerebral perfusion and hemodynamics 
without interfering with its autoregulation if it 
has been preserved, decreasing cerebral meta-
bolic rate for oxygen (CMRO2), and it should 
possess neuroprotective and anticonvulsant prop-
erties. It should have a pharmacokinetic and 
pharmacodynamic profile that makes it possible 
to achieve a rapid onset of the desired clinical 
effect and a rapid wake-up time for neurological 
assessment after interruption of sedation (IS) 
with a predictable dose–response, without or 
with minimal accumulation in the organism, min-
imal secondary effects, and non-toxicity. We 
have currently not found any drug that meets 
these characteristics, and the best option has been 
to establish some sedation protocols guided by 
objectives and thorough knowledge on how to 
manage the drug so as not to compromise its effi-
cacy and safety.

23.2	 �Needs for Sedation

Sedation in neurocritical patients has its benefits 
and drawbacks. It is currently essential to relieve 
both pain and anxiety, reduce ICP, decrease oxy-
gen consumption, tolerate therapeutic maneuvers 
(fibrobronchoscopies, lung recruitment maneu-
vers, catheter placement, dressings, etc.) as well 
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as improve adaptation to tracheal intubation and 
mechanical ventilation, reducing the sympathetic 
shock resulting from all these experiences. 
However, it complicates or prevents serial clini-
cal neurological evaluation. Changes in the brain 
state are difficult to detect, decreasing prognostic 
capacity.

Likewise, sedation may bring about vasodila-
tion leading to hypotension, reducing cerebral 
perfusion pressure (CPP), and possibly resulting 
in a “steal” phenomenon that would bring blood 
to ischemic areas. Despite the vasoreactivity 
mechanisms generated in protective autoregula-
tion, it has been seen that both the CBF and the 
supply of oxygen to the brain are decreased in 
injured brains [8–14], with a marked decline in 
CBF in the first 24  h [15, 16]. In 31% of the 
patients with CET [12], CBF was found below 
the ischemic threshold where ischemia and cel-
lular death may occur [17].

Prolonged deep sedation may possibly worsen 
cognitive results after its cessation and contribute 
to polyneuropathy in critical patients. In neuro-
critical patients, many therapeutic decisions or 
procedures are carried out after neurological 
examinations in awake patients and in many 
cases, whenever possible, sedation is avoided in 
patients with unstable injuries that may progress 
provided that it is safe.

Sometimes, the need for sedation does not 
consider the challenges of the benefit–risk evalu-
ation and is found within the therapeutic arsenal. 
Asynchronies during mechanical ventilation, 
injuries that the patient has, agitation, anxiety, 
and ICP elevation are the complications of inad-
equate sedation [18–31]. Correct sedation is 
found present in all the treatment algorithms for 
increased intracranial pressure (ICP) [22, 23]. We 
know that anxiety, pain, and sympathetic shock 
generated by stress have negative effects on the 
ICP, CBF, CPP, and CMRO2. Correct sedoanal-
gesia is our instrument to prevent or minimize 
secondary brain injury despite the lack of evi-
dence that proves that neurological outcomes 
may improve by its use alone [22]. In intensive 
care units, excessive sedation has been proven to 
lead to an increase in the days with mechanical 
ventilation, a longer stay in the unit, and in hospi-

talization days [24–27] together with an increase 
in rates of depression, post-traumatic stress disor-
der, infections, and long-term neurocognitive 
deterioration [27–29].

There are patients for whom sedation cessa-
tion is not possible, such as for cases of status 
epilepticus or refractory IH, in which a reduction 
in the level of sedation may be counterproduc-
tive. Unless deep sedation or general anesthesia 
is necessary, analgesia must precede sedation. 
Sedation based on analgesia with opioids is a 
new trend in intensive care units, which has been 
seen to improve the outcomes of mechanical ven-
tilation in patients under analgesics and with no 
sedation [30]. Many patients with adequate pain 
control do not need sedation and many sedative 
agents do not provide analgesia, which may 
cause delirium in intensive care units. Short-
acting analgesics would also allow serial neuro-
logical assessment. Environmental stimuli cause 
agitation. A calm and soothing environment, 
attentive to circadian rhythms, and the presence 
of family and friends may decrease anxiety and 
agitation [31]. Injuries caused by aphasia may 
lead to anxiety and agitation after failures to 
communicate. It is advisable to employing staff 
who can reorient agitated patient toward using 
sedative medication. Patients with severe brain 
injury may show deficits in short-term memory, 
concentration, and emotional control, and this 
confusion may cause agitation. Patiently and 
calmly reorienting the situation and circum-
stances may avoid sedative medication.

The guidelines for sedoanalgesia in massive 
cerebral infarction establish the following recom-
mendations [32]:

•	 Analgesia and sedation are recommended if 
signs of pain, anxiety, or agitation arise (strong 
recommendation, very low quality of evidence).

•	 The lowest possible sedation intensity and 
earliest possible sedation cessation is recom-
mended, while avoiding physiologic instabil-
ity and discomfort (strong recommendation, 
very low quality of evidence).

•	 The routine use of daily wake-up trials is not 
recommended. Caution is particularly 
warranted in patients prone to ICP crises. 
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Neuromonitoring of at least ICP and CPP is 
recommended to guide sedation, and daily 
wake-up trials should be abandoned or post-
poned at signs of physiological compromise 
or discomfort (strong recommendation, very 
low quality of evidence).

23.3	 �Sedation Assessment

To achieve efficient sedation and avoid the dele-
terious effects resulting from inadequate sedation 
to the extent possible, it is necessary to carry out 
a careful assessment of sedation. 
Neurophysiological monitoring should be con-
sidered a routine practice for neurocritical 
patients requiring sedation.

Doses not adjusted to sedation targets, whether 
due to infradosification or overdosification, may 
affect neurological assessment and lead to the 
wrong diagnosis. Oversedation increases the risk 
of infections, delays the removal of mechanical 
ventilation, and increases the length of stay in 
ICUs. In contrast, infrasedation causes agitation, 
anxiety, and risk of accidents such as self-
extubation, pulling out of catheters, discomfort, 
or ventilator asynchronies [33] and has prevented 
neurologic deterioration [26, 34] .

There are different scales used to evaluate 
arousal, depth of sedation, and response to stim-
uli [35].

The Ramsay Scale evaluates consciousness, 
while the Richmond Agitation Sedation Scale 
(RASS) examines cognition, Sedation Agitation 
Scale (SAS) and the Motor Activity Assessment 
Scale (MAAS) monitor sedation and arousal. The 
use of sedation scales can reduce the amount of 
sedatives given to achieve a specific sedation tar-
get, decreasing the number of days on mechani-
cal ventilation and cost of hospital stay [25], but 
no validation is available in the neuro ICU 
environment.

When assessment is not possible using scales 
such as in the case of patients requiring muscular 
relaxation or when burst-suppression is desired, 
an electrophysiological endpoint must be used 
instead. Recently, processed electroencephalo-
gram (EEG) algorithms have been introduced 

into clinical practice as a method to monitor 
objectively and quantitatively the level of con-
sciousness in ICU patients. One example is the 
determination of bispectral index (BIS) [36], 
which has been associated with a decrease in 
sedative use in intraoperative care [37]. Although 
there are no randomized studies that validate it as 
ideal in neurocritically ill patients, sedation 
assessment using BIS monitoring has made 
adjustments possible, reducing the doses of pro-
pofol required for an adequate level of sedation. 
In comparison with those patients evaluated 
using subjective sedation scales, BIS monitoring 
leads to shorter wake-up times after sedation ces-
sation. No differences can be seen between BIS 
monitoring and sedation scales with regard to 
infrasedation, and it seems a reliable monitor for 
sedation assessment. The BIS may have a role in 
monitoring deeply sedated patients in the neuro-
intensive care unit (NICU) [38–41].

Regarding assessment of delirium, no assess-
ment tools have been validated in neurocritical 
care patients, though several studies that used the 
Intensive Care Delirium Screening Checklist 
enrolled NICU patients [40, 42, 43]. Recent, 
highly insightful reviews of the topic are also 
available [44]. Several studies have addressed the 
sedation monitoring approaches and medication 
choices for NICU patients.

23.4	 �Need to Wake Up

Neurological assessment remains a valuable tool 
for monitoring severely brain-injured patients 
and the need for a reliable evaluation conflicts 
with sedation, routinely administered to severely 
brain-injured patient. For the clinical assessment 
of neurocritical patients, interruption of continu-
ous sedation (IS) is therefore necessary. This 
interruption is usually short term, aimed to evalu-
ate the patients and plan further management 
strategies, including the definitive sedation inter-
ruption once the clinical picture and ICP are no 
longer a concern and IS does not provoke 
patients’ distress and metabolic imbalance. Close 
patient observation during IS is therefore strongly 
suggested.

23  Sedation in Neurocritical Units



262

The interruption of sedation may have nega-
tive effects because it could also induce a stress 
response. ICP and the CPP levels can increase 
during interruption of sedation, when compared 
to baseline levels recorded during continuous 
sedation. In the majority of patients, these 
changes are transient and tolerable [45]. However, 
in a subset of patients with very low cerebral 
compliance, the interruption of continuous seda-
tion can induce marked ICP and CPP changes 
that can produce secondary injuries [22]. Those 
patients should be excluded from repeated evalu-
ations, and information should instead be gath-
ered from other multimodality monitoring 
methods in combination with neuroimaging [24].

Not all patients can be safely woken up. The 
benefit of having clinical evolution clues in the 
more severe subset is overwhelmed by the possi-
ble negative effect on ICP and, consequently, on 
cerebral blood flow. In this setting, multimodality 
monitoring and neuroimaging remain the clini-
cians’ guide, and we have to postpone clinical 
evaluations that could cause secondary insults.

During the maneuver for the interruption of 
sedation (IS), CPP and ICP usually show slight 
and tolerable increases during IS. In the majority 
of patients, these changes are mild, transient, and 
acceptable, and they do not preclude repeating IS 
in the neurointensive care setting. Nevertheless, 
IS is a stressful condition [46].

Of all IS events performed, the trial had to be 
stopped frequently (i.e., in one-third) due to ICP 
surge, agitation, or systemic desaturation. In the 
aborted IS trials, a decrease in brain tissue oxy-
gen tension and a tendency to brain metabolic 
distress were observed. A better risk stratification 
[47] needs to be defined accordingly.

One of the major strengths of daily awakening 
trials is the additional information gained from a 
reliable clinical assessment in those patients who 
tolerate IS. Unfortunately, this was not the case: 
evidence for a new focal neurologic deficit was 
found in only one (2%) patient with known cere-
bral vasospasm who developed motor weakness 
of the lower limb.

Patients with exhausted ICP compliance may 
pose a high risk for critical ICP increase during 
wake-up trials. Recent studies have failed to con-

firm a benefit associated with daily wake-up pro-
tocols [48]. Sedation interruption in other 
neurocritical care populations—traumatic brain 
injury (TBI) and subarachnoid hemorrhage 
(SAH)—was associated with potentially negative 
effects such as transient rises in ICP and stress 
hormone levels [22, 46].

Interruption of sedation revealed new relevant 
clinical information in only one trial and a large 
number of trials could not be performed or had to 
be stopped due to safety issues. Weighing pros 
and cons of IS trials in patients with acute brain 
injury seems important as related side effects 
may overcome the clinical benefit [49].

IS trials in patients with acute brain injury are 
not well studied and the only case series, includ-
ing 12 patients with traumatic brain injury (TBI) 
and 9 subarachnoid hemorrhage (SAH) patients, 
showed that the risk of elevated ICP and low CPP 
is evident during these trials [22, 50]. Cerebral 
hypoperfusion and raised ICP may result in an 
imbalance of energy supply and demand espe-
cially for the injured brain and, therefore, aggra-
vate the risk for metabolic distress and brain 
tissue hypoxia [51–57].

We observed a sympathetic stress response 
with increased heart rate, respiratory rate and 
mean arterial pressure (MAP) during all IS trials, 
which is in line with a recent report showing an 
excess of endogenous catecholamines and corti-
coids during neurologic wake-up tests [46].

In patients who failed the trial, we observed a 
decrease in PbtO2 to critical values (<20 mmHg) 
in 67% of IS trials. In parallel, elevation in ICP 
was observed, which may increase the demand of 
oxygen and, therefore, decrease brain tissue oxy-
gen tension [49].

The neurological wake-up test (NWT) was per-
formed in order to assess and evaluate the motor 
component of the glasgow coma scale (GCS) 
(glagow motor score (GMS)) score, and during 
the test, pupil size and reactivity to light were also 
assessed. One primary aim of the NWT is to detect 
neuroworsening and the level of consciousness, 
and the presence of focal deficits as well as the 
pupil reaction to light must be evaluated [58].

Karin Skoglund et al. evaluated the effects of 
the NWT using cerebral microdialysis (MD), 

R. Badenes and M. De Fez



263

brain tissue oxygenation (PbtiO2), jugular venous 
oxygen saturation (SjvO2), and/or arterial-venous 
difference (AVD) for glucose, lactate, and oxygen 
in patients with severe TBI.  The NWT-induced 
stress response resulted in increased ICP and CPP 
levels although it did not negatively alter focal 
neurochemistry or cerebral oxygenation in TBI 
patients [59]. The NWT does not induce a signifi-
cant secondary insult on the injured brain when 
applied during neurocritical care of TBI patients, 
provided that NWTs are avoided in unstable 
patients with marked ICP elevations.

Given the current little knowledge about the 
benefits of IS in brain-injured patients, it is 
extremely important to adopt multiple monitor-
ing modalities in neurocritical care in order to 
escape IS in those patients who will potentially 
be harmed by this procedure.

23.4.1	 �Ideal Sedative Drug

Nevertheless, no clear data on the best sedative 
choice for acute brain damaged patients are 
available.

23.4.2	 �Pharmacological Targets

23.4.2.1	 �Reduction of Cerebral 
Metabolic Rate of Oxygen 
Consumption

To maintain adequate oxygen availability and 
energy balance at the neuronal level, treatment is 
directed at both increasing oxygen delivery by 
optimizing cerebral and systemic hemodynamics 
and reducing cerebral metabolic demand [60–
67]. Selected sedatives used in NICU offer a pro-
tective effect by reducing oxygen demand and 
increasing oxygen delivery [68–70]. The 
γ-aminobutyric acid (GABA) type A receptor 
system, the main fast-acting inhibitory neu-
rotransmitter system in the brain, is the pharma-
cological target for many drugs used clinically to 
treat, for example, anxiety disorders and epilepsy, 
and to induce and maintain sedation titrated to 
the desired effect. GABA type A receptor stimu-
lation results in a reduction of cerebral metabo-
lism of O2 (CMRO2).

23.4.2.2	 �Effects on Cerebral Blood 
Flow

When selecting sedative drugs, the maintenance 
of sufficient cerebral blood flow and at the same 
time the provision of sedation are of paramount 
importance and should be considered.

All sedative agents may cause a decrease in 
mean arterial blood pressure by inducing both 
cardiac depression and peripheral vasodilata-
tion. The decrease in blood pressure can cause 
an increase in ICP as a result of autoregulatory 
compensation and, consequently, a reduction 
in CPP.

23.4.2.3	 �Intracranial Pressure Control
Adequate control of the ICP is one of the main 
therapeutic goals of managing the critically ill 
neurologic patient: Sedatives may reduce ICP by 
different mechanisms. As previously described, 
most of the sedatives used in the NICU decrease 
the cerebral metabolic rate of oxygen consump-
tion (CMRO2), producing a reduction in CBF, a 
reduction of cerebral blood volume (CBV), and a 
decrease in ICP. The applicability of this concept 
not only is limited to traumatic brain injury 

Properties of an Ideal Agent for 

Neurointensive Care Sedation [24]

•	 Rapid onset and rapid recovery, allow-
ing prompt neurologic evaluation

•	 Predictable clearance independent of 
end-organ function, avoiding the prob-
lem of drug accumulation

•	 Easy titration to achieve adequate levels 
of sedation

•	 Reduced intracranial pressure by cere-
bral blood volume (CBV) reduction or 
cerebral vasoconstriction

•	 Reduced cerebral blood flow and cere-
bral metabolic rate of oxygen consump-
tion, maintaining their coupling

•	 Maintenance of cerebral autoregulation 
and normal cerebral vascular reactivity to 
changes in arterial carbon dioxide tension

•	 Minimal cardiovascular depressant effects
•	 Inexpensive
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patients but also can be extended to patients with 
stroke and subarachnoid hemorrhage [65].

23.4.2.4	 �Seizures Suppression
Seizures are a frequent event in neuroinjury 
patients [71–73]. Convulsive and nonconvul-
sive seizures occurred in 22% of the traumatic 
brain injury cohort and in 15% of patients with 
intracerebral hemorrhage or subarachnoid 
hemorrhage [65]. Seizures produce a massive 
increase in cerebral metabolism and possibly a 
mismatch between oxygen delivery and metab-
olism in the affected brain area. Together with 
antiepileptic drugs, sedation appears to be an 
attractive option in reducing seizures in the 
NICU.

23.5	 �Drugs Used in Intravenous 
Sedation

23.5.1	 �Propofol

It is a short-acting anesthetic. Pharmacologically, its 
lipid formulation allows for rapid penetration of the 
blood–brain barrier, resulting in rapid onset and ces-
sation of action. Though allowing rapid awakening 
after short-term use, propofol also appeared to 
unpredictably accumulate after long-term use and 
to cause prolonged sedation [74].

Cerebral blood flow measured by positron 
emission tomography is reduced with propofol 
[76, 77]. Propofol further decreases CBV and, in 
turn, ICP. This makes propofol most suitable for 
patients with reduced intracranial compliance 
[75–77].

The ability of propofol to protect against sei-
zures has provided conflicting data [78]. More 
recent studies showed that standard or high-dose 
propofol infusion (2  mg/kg induction bolus fol-
lowed by 150–200  μg/kg/min infusion) can be 
reliably used as an anticonvulsant, even for the 
control of status epilepticus [79–82]. Experimental 
data have shown propofol to have strong anticon-
vulsant properties, which have proved to be very 
effective in controlling refractory status epilepti-
cus. A recent statement by the European Federation 
of Neurological Societies included the use of 

propofol as an antiepileptic for convulsive epilep-
tic status in the ICU setting [81].

Soon after its introduction, a serious adverse 
effect, the propofol infusion syndrome (PRIS), 
was recognized. PRIS was characterized by 
rhabdomyolysis, hyperkalemia, metabolic aci-
dosis, and renal and cardiac failure and is asso-
ciated with a high mortality. A lot of case 
reports describe cardiac failure in head injury 
patients receiving long-term propofol infusions 
[83–85].

Morgan et al. identified that initiation of propo-
fol in patients with a baseline MAP between 60 and 
70  mmHg independently predicted hypotension. 
Propofol has been shown in several studies to cause 
both venous and arterial vasodilation, potentially 
resulting in an increased risk of hypotension in 
patients with a lower MAP at baseline [86]. The 
hypotension-inducing mechanisms of propofol are 
multifactorial [87–90] and administration of antihy-
pertensive agents may increase the hemodynamic 
response to propofol. Severe propofol-associated 
hypotension occurred in 26.2% of patients studied. 
They identified a baseline MAP 60–70  mmHg, 
increasing propofol infusion rate changes, and 
requirement for renal replacement therapy (RRT) as 
factors independently associated with the develop-
ment of hypotension.

23.5.2	 �Opioids

In general, opioids slightly decrease CMRO2, CBF, 
and ICP, as long as normocapnia is maintained by 
mechanical ventilation. Opioids can produce short-
lasting, mild decreases in mean arterial pressure, 
followed by decreases in CPP. In a study, Roberts 
DJ found that morphine, fentanyl, sufentanil, and 
alfentanil significantly increased ICP and decreased 
CPP and MAP after bolus administration [91]. They 
tend to have a transient effect, although CPP and 
MAP remained decreased in a study [92].

23.5.3	 �Remifentanil

Because of its short half-life, remifentanil has 
unique pharmacokinetic properties that make it 

R. Badenes and M. De Fez



265

attractive for use in neurocritical care. It is a mu-
opioid agonist exhibiting analgesic effects with a 
rapid onset and a short duration of action. It is an 
agent which can be used as a part of a combined 
sedative analgesic approach. In particular, remi-
fentanil may cause decrease in both cerebral met-
abolic rate and ICP, with minimal changes in 
CPP and cerebral blood flow [93]. It may facili-
tate frequent awakening to evaluate neurologic 
and respiratory parameters [39]. In a study of 
patients with traumatic brain injury who were 
mechanically ventilated, remifentanil was used 
for on-top analgesia in head trauma patients 
without adverse effects on cerebrovascular hemo-
dynamics, CPP, or ICP [94].

23.5.4	 �Benzodiazepines

The use of benzodiazepines as sedatives in inten-
sive care significantly increases delirium inci-
dence, which has a very negative effect on the 
patients’ progress. Midazolam is an appealing 
sedative option given the rapid onset of action 
and short duration of effect with bolus adminis-
tration, making it an ideal agent for procedural 
sedation. Additionally, due to its potent gamma-
aminobutyric acid (GABA) activity and relatively 
benign hemodynamic profile, midazolam is an 
important drug in refractory status epilepticus. 
Benzodiazepines increase the seizure threshold 
and are useful anticonvulsants [95, 96]. In fact, in 
all settings benzodiazepines are a first-line treat-
ment of a new onset of seizures.

As a long-term sedative for general ICU use, 
midazolam accumulates in adipose tissues, sig-
nificantly prolonging duration of action unless 
interruptions or down-titration of dose are rou-
tinely utilized. Bolus-dose midazolam is a good 
choice for intermittent agitation in an NICU pop-
ulation. Conversely, midazolam infusion has 
been associated with prolonged mechanical ven-
tilation [97, 98].

Though most studies suggest that the impact 
of midazolam on hemodynamics is similar com-
pared to dexmedetomidine (DEX) or propofol, a 
recent report suggests less instability compared 
to dexmedetomidine [98]. Lorazepam is a 

longer-acting benzodiazepine when used in the 
short term, but its duration of action is shorter 
than midazolam when infused for more than 1–2 
days. The strong GABA activity of lorazepam 
suppresses electrical and metabolic brain activity. 
Unlike midazolam, lorazepam is formulated in 
propylene glycol, which can accumulate to toxic 
levels causing metabolic acidosis and kidney 
injury. At lorazepam infusion rates above 3 mg/h 
or daily doses approaching 1 mg/kg, the osmolar 
gap should be followed, and alternative agents 
should be used if the osmolar gap rises above 
10–12 mOsm/L [99, 100].

23.5.5	 �Barbiturates

Use of barbiturates as a sedative in the neurocriti-
cal care unit is limited due to its undesirable side 
effect profile. Immunosuppressant properties and 
negative inotropic effects are among the more 
concerning limitations. Pentobarbital serves as a 
potent agent for deep sedation in patients with 
refractory status epilepticus or elevated ICP 
[101–103]. Barbiturates remain second-line ther-
apy for the control of ICP after propofol. They 
remain in widespread use to control refractory 
status epilepticus, and their potent effects on 
cerebral metabolic and electrical activity make 
them an appealing class of agents for sedation in 
the NICU.

23.5.6	 �Dexmedetomidine

Dexmedetomidine (DEX) is a centrally acting 
alpha agonist similar to clonidine, but more spe-
cific for the alpha-2 receptor. It is increasingly 
utilized for ICU sedation. Desirable properties 
include rapid onset and termination of activity, 
mild to moderate sedation without significant 
respiratory depressant action, analgesic effects, 
and less delirium than the benzodiazepines [99]. 
Undesirable properties include a high incidence 
of bradycardia and hypotension [98]. Bradycardia 
is the most typical hemodynamic effect associ-
ated with DEX [104–112]. In addition to brady-
cardia, hypertension and hypotension have been 
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reported as adverse events in clinical applications 
of DEX, especially during loading infusion [106, 
107, 109–111, 113, 114].

Grof et al. demonstrated that neurocritically 
ill patients may require high doses of dexme-
detomidine to achieve desired levels of sedation 
and to wean off adjunctive analgesic and/or sed-
ative agents. Dexmedetomidine infusions may 
be started at doses from 0.4 to 1 mcg/kg/h in 
neurocritical care patients to achieve target lev-
els of sedation and/or to wean off other sedative 
and analgesic infusions. Dexmedetomidine 
appears to be an effective sedative agent in the 
neurocritical care patients [101]. In the study by 
Erdman et  al., limiting dose titrations to every 
30 min and omitting a bolus dose, there was no 
significant difference found in the prevalence of 
hypotension or bradycardia between DEX and 
propofol.

In ICU, dexmedetomidine has been shown 
to be non-inferior to both midazolam and pro-
pofol in maintaining light to moderate sedation 
[115, 116]. It appears to shorten time to extu-
bation and enhance arousability and patient’s 
ability to communicate with caregivers. 
Dexmedetomidine may reduce delirium after 
long-term sedation as compared with mid-
azolam [115] and also reduce the overall neu-
rocognitive adverse events of sedation, such as 
agitation, anxiety, and delirium, when com-
pared with propofol [116].

The safety and efficacy of dexmedetomi-
dine, however, have not been evaluated in some 
ICU patient groups, such as patients with acute 
neurologic disorder (e.g., stroke and head 
trauma).

23.5.7	 �Etomidate

In the absence of long-term safety data, familiar-
ity with short-term use and its apparent safety 
profile led to the introduction of etomidate as a 
continuous infusion for ICU sedation, with 
resulting adverse events including adrenal sup-
pression and a 19% absolute increase in mortality 
in trauma patients [117, 118].

23.6	 �New Trends: 
Toward Inhalation Sedation

Although still off-label, inhalative ICU sedation 
is currently spreading all over Europe and has 
been recommended as an alternative in a recent 
German consensus guideline [119].

The device named AnaConDa (Anesthetic 
Conserving Device, Sedana Medical, Uppsland 
Väsby, Sweden) makes it possible to administer 
inhaled anesthetic agents—isoflurane and sevo-
flurane—using any ventilator commonly found 
in Intensive Care Units [120–122], only requiring 
an infusion pump and a respiratory gas monitor 
to control the amount of administered drug. This 
is a major impetus for inhalation sedation as an 
alternative to intravenous sedation [121].

Among the inhaled anesthetic agents that are 
currently used, isoflurane, sevoflurane, and des-
flurane have been occasionally used in resuscita-
tion units to carry out sedation in critical patients, 
which have been proven to offer benefits com-
pared to intravenous sedation [121–125]. 
Metabolism is minimal, and due to their low sol-
ubility, they are quickly eliminated through the 
lungs. Because of these characteristics, it has 
been proven that they lead to shorter and more 
predictable wake-up times than intravenous 
agents when used as sedatives in intensive care 
[121–124]. At the physiological level, inhaled 
anesthetic agents can prevent the development of 
bronchospasm [120, 125] and have been proven 
to have cardioprotective effects [121]. In addi-
tion, the commonly used doses for sedation are 
hemodynamically stable drugs [122] that enable 
good control over ventilation. All of this bring 
them much closer to the ideal sedatives, as 
recently acknowledged by an important article in 
the British Journal of Anaesthesia [126]. Volatile 
anesthetics may be considered for mechanically 
ventilated patients, if short wake-up durations are 
desired [121, 127–131].

It has been shown that some volatile anesthet-
ics abolish cerebral autoregulation at high doses, 
whereas sevoflurane, at high doses of 1.5 mini-
mum alveolar concentration (MAC), is associ-
ated with an intact autoregulation in humans with 
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normal PaCO2 values. Cerebral blood flow and 
the metabolic rate for oxygen consumption 
remain tied to cerebrovascular reactivity to CO2 

and do not worsen with the administration of 
sevoflurane. It has been reported that at 1.0 MAC 
of sevoflurane, the autoregulation of cerebral 
blood flow remained intact, but that this was 
impaired at 2.0 MAC.

The PaCO2 threshold for a significant altera-
tion of autoregulation is in the range of 
50–66  mmHg. The average threshold during 
anesthesia using sevoflurane was 56 ± 4 mmHg. 
Mild chronic hypercapnia should be avoided if 
we are attempting to preserve cerebral 
autoregulation.

Previous studies have shown that after the 
hypoperfusion period, a hyperperfusion period 
follows for the recovery of the ischemic brain 
from ischemia. Cerebral blood flow is closely 
related with brain injury. Bundgaard et al. [132]
found that sevoflurane increased cerebral blood 
flow and decreased cerebrovascular resistance.

Volatile anesthetics have a direct neuroprotec-
tive effect when found present in periods of in vitro 
[133] and in vivo [134] ischemia or administered 
prior to it (anesthetic conditioning) [135]. 
Preconditioning has already been described for the 
heart [136] and more recently, in vitro [137] and 
in vivo [138] models of cerebral ischemia. More 
specifically, sevoflurane has reduced hippocampal 
damage caused by hypoxia in  vitro [137] and 
in vivo after a global cerebral ischemia [139].

Codaccioni et al. conclude that sevoflurane is 
capable of reducing infarct size and it decreases 
ischemia-induced apoptosis more than 7  days 
from the injury in rats.

The mechanism of the induction of tolerance 
to ischemia and neuroprotection is still under 
investigation. Current evidence would suggest 
that it is inducible nitric oxide synthase depen-
dent [140]. Other factors that could be involved 
are the inhibition of excitatory neurotransmission 
and regulation of intracellular calcium responses 
during ischemia and the attenuation of ubiquitin-
conjugated protein aggregation [141–144]. 
Surprisingly, recent animal studies have shown 
that isoflurane preconditioning response is atten-

uated by estradiol and that is androgen dependent 
in male mice and is gender specific [145, 146].

Sevoflurane also has a role in postcondition-
ing; its application could be of interest once cere-
bral ischemia has occurred. In 2003, the concept 
of ischemic postconditioning was proven for the 
purpose of improving outcomes of cardiac events 
after ischemia [147], and in 2006, its neuropro-
tective effects on rats were shown. Lee et  al. 
[148] found that isoflurane postconditioning 
reduced brain injury due to ischemia in rats. 
More recent studies have shown its role in the 
inhibition of apoptosis in hearts and brains. 
Adamczyk et al. reported that sevoflurane post-
conditioning for 15 min 1 h after ischemia led to 
neuroprotection in rats. Jun-kuan Wang [149] 
obtained good results in sevoflurane postcondi-
tioning at 1.0 and 1.5 MAC, with a decrease in 
neurologic deficits, cerebral infarction volume, 
improvement in learning, memory, and cerebral 
edema in rats that had suffered focal lesions due 
to ischemia reperfusion. At 0.5 MAC, adequate 
neuroprotective is not obtained, which means 
that the effect of sevoflurane postconditioning in 
focal ischemic lesions is dose dependent [150]. 
Sevoflurane at 1.0 and 1.5 MAC is very similar to 
that widely used in clinical practice, and in fact, 
1.5 MAC does not achieve greater neuroprotec-
tion than 1.0 MAC, for which sevoflurane post-
conditioning could have potential clinical 
applications.

Apoptosis has a fundamental role in the mech-
anism that causes the death of cells found in the 
ischemic penumbra in ischemia-reperfusion 
brain injuries. Sevoflurane postconditioning 
inhibits this apoptosis. Similar results in this 
direction were found by Xing et al. [151] wherein 
a significant decrease in apoptotic cells was 
found after postconditioning.

Sevoflurane postconditioning increases the 
levels of anti-apoptotic proteins Bcl-2 and inhib-
its the expression of pro-apoptotic proteins Bax. 
Several signaling pathways are involved in cell 
death due to apoptosis. The induction of P53 pro-
tein is involved in neuronal cell death due to 
apoptosis. The P53 protein can interact with the 
Bcl-2 family of proteins and cause apoptosis. 
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Sevoflurane postconditioning inhibits the expres-
sion of P53 [150].

The neuroprotective role played by sevoflu-
rane postconditioning in spinal cord ischemia-
reperfusion injuries has also been proved in 
rabbits. It appears to carry out its action by 
increasing the activity of antioxidant enzymes 
such as superoxide dismutase (SOD) and catalase 
(CAT), with an optimal concentration for sevo-
flurane postconditioning at 1.0 MAC [152–154]. 
Sevoflurane postconditioning can be clinically 
useful for the prevention of ischemia–reperfusion 
injuries in surgical procedures such as aortic 
aneurysm repair and spinal cord surgery.

Purrucker et al. in a prospective study of sevo-
flurane sedation in patients with acute stroke or 
subarachnoid hemorrhage, sufficient sedation 
levels without clinically relevant ICP increase 
were achieved in 68% of the patients. However, 
serious adverse events observed in the remaining 
32% raise considerable safety concerns. Mean 
arterial pressure (MAP) had to be stabilized 
actively to maintain CPP. Based on these obser-
vations, they concluded that they do not feel that 
the alleged neuroprotective potential of sevoflu-
rane outweighs the risk of adverse events and 
sevoflurane sedation should probably not be used 
in this specific patient population. [155].

Isoflurane at effective sedation doses did not 
compromise cerebral oxygenation (short term), 
blood flow (short term), or ICP (short term and 
long term) to clinically relevant extents. It has 
shown neuroprotective effects when used prior to 
(preconditioning) [156, 157] or during [158, 159] 
ischemic insults in a considerable number of 
experimental studies [160].

Isoflurane significantly decreased cerebral and 
systemic oxygen extraction, which might reflect 
isoflurane’s well-known ability to reduce the 
metabolic rate and thus cerebral and systemic 
oxygen consumption without relevant increases 
in ICP, if baseline ICP values are low or only 
moderately elevated. However, the observation of 
substantial MAP/CPP reductions and other 
adverse effects are concerning and warrant cau-
tion in this off-label treatment.

In terms of neurotoxicity, one single neuro-
pathological work-up revealed no signs of basal 

ganglia injuries [161]. Intrapulmonary shunt in 
two patients was probably caused by blunting of 
hypoxic pulmonary vasoconstriction that is more 
common with isoflurane than with propofol [162].

Two patients developed anisocoria without 
changes in ICP or on a control CT scan that dis-
appeared after cessation of isoflurane. Suggested 
mechanisms with other volatile agents are local 
pupilomotor effects and dysregulation of sympa-
thetic tone [163], not attributable to ICP crises 
and unnecessary transports for CT scanning.

Bösel and colleagues [164] enrolled ischemic 
stroke, intracerebral and subarachnoid hemor-
rhage patients, sedated initially with an intrave-
nous sedative agent (propofol or midazolam) 
and switched to inhalative isoflurane at a mini-
mal alveolar concentration (MAC) of 0.5 for 
3  days. They observed a clinically irrelevant 
increase in ICP; also, cerebral artery flow veloc-
ity did not change significantly. This result is 
interesting and is consistent with the results of 
other studies; a possible explanation could be 
that isoflurane causes a reduction in vascular 
resistance in the microcirculation and in the 
intraparenchymal arterioles rather than large 
vessels as the mean cerebral artery that is 
explored by transcranial Doppler [165]. Recent 
studies suggest that large vessel vasospasm may 
not be the only factor in predicting outcome in 
SAH, in particular, intracerebral arterioles have 
an important role in the regulation of distal CBF 
[166–171].

The onset of isoflurane also caused a decrease 
in core temperature, presumably caused by 
peripheral vasodilatation [172].

Selected patients with good systemic circula-
tory stability but compromised cerebral microcir-
culation (e.g., vasospasms in SAH, ischemic 
penumbra in large vessel occlusion) might bene-
fit from volatile sedation. Transient application 
of isoflurane might provide the reported protec-
tive “preconditioning” effect to ameliorate sec-
ondary ischemia without risking neurotoxicity 
potentially associated with longer-term 
application.

Volatile sedation historically has been consid-
ered unsafe in acute brain damaged patients and 
confined outside neuroICUs. As suggested in the 
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animal studies, the potential neuroprotective ben-
efit of inhalation sedation is huge and unexplored. 
Until recently, surpassing this boundary seemed 
foolhardy. We have to find ways to exploit it, 
while, driven by monitoring, avoiding the side 
effects. Continuous monitoring of ICP and CBF 
and the demarcation of safety thresholds have 
allowed securely setting sailing for this adventure.

�Conclusion

Sedation is fundamental in the management 
of the critically ill patient. Recent emphasis 
on weaning from the ventilator and reducing 
ventilator-associated pneumonia has pro-
duced improved sedation guidelines that 
assure comfort, has reduced time on the ven-
tilator, has resulted in a decreased ICU length 
of stay (LOS), and has prevented neurologic 
deterioration. The NICU, when compared to 
the general ICU, requires special consider-
ations. Sedation used in the general ICU lim-
its the stress response to critical illness, 
provides anxiolysis, improves patient–venti-
lator synchrony, and facilitates care. 
However, when used in the NICU, sedation is 
fundamental as a therapeutic strategy. To 
achieve efficient sedation and avoid the del-
eterious effects resulting from inadequate 
sedation to the extent possible, it is necessary 
to carry out a careful assessment of sedation. 
Neurological assessment remains a valuable 
tool for monitoring severely brain-injured 
patients and there is a need for a reliable 
evaluation of conflicts with sedation, rou-
tinely administered to severely brain-injured 
patient. Nevertheless, no clear data on the 
best sedative choice for acute brain-damaged 
patients are available.
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Transcranial Doppler 
and Transcranial Color-Coded 
Duplex Sonography

Chiara Robba and Andrea Rigamonti

24.1	 �Basic Principles 
of Transcranial Doppler

Transcranial Doppler (TCD) ultrasonography 
was first described by Aaslid and collaborators in 
1982 [1]. It is a noninvasive technique able to 
monitor dynamics of cerebral blood flow (CBF) 
and vessel pulsatility in the basal cerebral arter-
ies, such as middle cerebral artery (MCA), ante-
rior cerebral artery (ACA), and posterior cerebral 
artery (PCA) (Fig. 24.1).

TCD technique is based on the phenomenon 
described by the physicist Christian Andreas 
Doppler in the nineteenth century, called 
Doppler Effect. According to this principle, 
when a sound wave with a certain frequency 
strikes a moving object (such as red blood cell 
inside an insonated artery), it is reflected with a 
different frequency, the Doppler shift, 𝑓d, which 
is directly proportional to the velocity of the 

object (V). Echoes received by the ultrasound 
(US) probe are processed to produce a spectral 
waveform with peak systolic velocity and dia-
stolic velocity values (Fig. 24.2).

	
V

c fd
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´ ´2 0 cosq 	

(𝑐 is the speed of the incident wave, 𝑓0 is the inci-
dent pulse frequency, and 𝜃 is the angle of the 
reflector relative to the US probe).
The spectral waveform is then processed and 
combined with indices derived from cerebral 
blood flow velocity (FV) (such as Gosling’s and 
spectral pulsatility index) allowing the calcula-
tion of secondary indices (including autoregula-
tion, critical closing pressure (CrCP), noninvasive 
intracranial pressure [ICP]) useful for the analy-
sis of cerebral hemodynamics.

The main obstacle to vessel insonation and 
ultrasound penetration of the skull is the bone. 
Therefore, TCD is performed through acoustic 
windows representing specific points of the skull 
where the bone is thin enough to allow ultrasound 
waves to penetrate.

The equipment used is a duplex US color flow 
mapper. The probe is either a sector or phased 
array cardiac or dedicated probe with a small 
imaging footprint and a Doppler frequency of 1.8 
or 2 MHz.
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24.2	 �Acoustic Windows

The acoustic windows used to insonate the ves-
sels are transtemporal, suboccipital, trans-
orbital, and retromandibular (Fig.  24.3). The 
temporal window is the most commonly used 
for the insonation of the MCA (responsible for 
the 75% of the brain blood flow and it is the 
vessel of choice for most of the TCD derived 
signals), ACA, and PCA (Fig. 24.4). The pos-
terior circulation, in particular terminal seg-
ments of the vertebral and basilar arteries, can 
be visualized via the suboccipital (transforami-
nal) window. Transorbital examination allows 
the insonation of the ophthalmic arteries and 
carotid siphons, as well as the measurement of 

the optic nerve sheath diameters [2]. In patients 
with subarachnoid hemorrhage (SAH) and sus-
pect of vasospasm, a submandibular approach 
can be used to insonate the extracranial portion 
of the internal carotid artery (ICA) to calculate 
the mean flow velocity ratio between the MCA 
and ICA (Lindegaard index). Finally, in new-
borns, open fontanelles provide a good acous-
tic window to the intracranial circulation; 
internal carotid vessels and the branches of the 
circle of Willis can be insonated through the 
anterior fontanelle in sagittal and coronal 
planes [3].

The identification of each intracranial vessel is 
based on the depth of signal capture, velocity and 
direction of the vessel, possibility of following 

MCA
PCA

ACA

ICA Basilar

Fig. 24.1  Typical transcranial color-coded duplex sonography (TCCS) view of the circle of Willis

Fig. 24.2  Spectral waveform highlighting the peak systolic and the diastolic velocity values
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Temporal
window

Transforaminal
window

Ophthalmic
artery

ACA

A2

A1

PCA

ICA

MCA

Basilar
artery

Vertebral
artery

Fig. 24.3  Transtemporal 
and suboccipital (or 
transforaminal) windows 
and vascular cerebral 
anatomy (Courtesy of 
Maria Blouin)

Fig. 24.4  Typical view through the temporal window
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the vessel its whole length and anatomical rela-
tionship with other vessels (Table 24.1).

Transcranial color-duplex sonography (TCCS) 
combines pulsed-wave Doppler with two-
dimensional, real-time B mode imaging. It allows 
the direct visualization of basal cerebral arteries 
anatomy; therefore, it allows precise placement 
of the Doppler sample volume in the vessel. 
Compared to conventional TCD, TCCS is more 
reliable and accurate.

24.3	 �TCD-Derived Signals

The processing of the echoes received by the US 
probe produces a spectral waveform. Systolic 
(FVs), diastolic (FVd), and mean (FVm) flow 

velocities will be then generated by the analysis 
of the waveform (Fig. 24.5).

Pulsatility index (PI) is a TCD-derived param-
eter able to provide information about cerebral 
vascular resistance and changes in the morphol-
ogy of the TCD waveform resulting from cere-
bral perfusion pressure (CPP) changes.

Mathematically, PI is calculated as the rela-
tionship between the difference of FVs and FVd 
divided by mean flow velocity (FVm) [4] 
(Figs. 24.6 and 24.7)

	
PI

FVs FVd

FVm
=

−
	

PI has been widely investigated as noninva-
sive estimator of ICP. Some authors demonstrated 
that ICP and PI are positively correlated during 

Table 24.1  Normal values of flow velocities of the main cerebral vessels detected by transcranial doppler in adults

Acoustic window Mean FV (cm/s) Depth (mm) Direction of flow

MCA Transtemporal 55 ± 12 30–65 Toward
ACA Transtemporal 50 ± 11 60–75 Away
PCA Transtemporal 40 ± 10 60–70 Toward (P1), Away 

(P2)
BA Occipital 41 ± 10 80–120 Away
VA Occipital 38 ± 10 60–75 Away
OA Transorbital 21 ± 5 45–55 Toward
ICA Retromandibular 30 ± 9 45–50 Away

Abbreviations: MCA middle cerebral artery, ACA anterior cerebral artery, PCA posterior cerebral artery, BA basilar 
artery, VA vertebral artery, OA ophthalmic artery, ICA internal carotid artery

Fig. 24.5  Systolic 
(FVs), diastolic (FVd), 
and mean (FVm) flow 
velocities generated by 
spectral analysis
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increases of ICP [5], demonstrating a strong cor-
relation coefficient with invasively measured ICP 
(R = 0.94 p < 0.05) [6]. However, other authors 
found less positive results finding a weak correla-
tion between PI and ICP [6, 7]. However, PI is 
not specific for increase in ICP. When a drop in 
CPP occurs, PI presents an increasing trend, 
which can be related to increases in ICP but also 
to decreases in cerebrovascular resistance (CVR). 
Similarly, during hypocapnia, both CVR and PI 
increase significantly [8]. Many studies have sup-
ported the idea that PI can reflect distal CVR, 
attributing greater PI to higher CVR [9].

However, experimental data showed that 
hypercapnia can cause a decrease in both CVR 
and PI while a reduction in CPP with intact auto-
regulation induces a decrease in CVR but an 

increase in PI [10]; therefore, PI is dependent on 
numerous factors, including ICP, ABP, on CPP 
and vascular tone (consequently CO2).

In summary, changes in PI are correlated to 
changes both in ICP and ABP. Although a few 
manuscripts favor PI as a surrogate ICP, the sen-
sitivity of PI to identify raised ICP is high, but its 
specificity is low.

24.4	 �Cerebral Blood Flow

Under normal conditions, FV is proportional to 
the cerebral blood flow (CBF). Although TCD is 
not appropriate to yield an absolute value of CBF, 
changes over time in FV are related to changes in 
CBF. Therefore, since TCD gives a quantitative 
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measurement of FVs, the measurement of 
changes in FV provides a quantitative measure-
ment of changes in CBF.

TCD-derived cerebral blood FVs are com-
monly measured in clinical and experimental 
environment. The simultaneous monitoring of 
these signals as well as intracranial pressure 
(ICP) and arterial blood pressure (ABP) can give 
valuable information regarding the state of cere-
bral hemodynamics in different intracranial 
pathologies. Through the analysis of TCD wave-
form, many authors attempted to investigate the 
relationship between the cerebral blood flow 
(CBF) and cerebrospinal fluid (CSF) dynamics, 
proposing several mathematical and hydrody-
namic models [12–14].

24.5	 �Anesthetic Agents 
and Intracranial Blood Flow 
Velocity

24.5.1	 �Volatile Agents

Cerebral vasodilatory effects of volatile agents 
have been extensively studied [11]; according to 
most authors, the vasodilatory effect of volatile 
agents on cerebral vessels is dose dependent and 
less evident with sevoflurane when compared with 
other inhalational agents [12]. Conversely, propo-
fol is not associated with a significant modification 
of cerebral hemodynamics and demonstrates 
possible avoidance of the undesirable effects in 
brain-injured patients [13, 14].

During general anesthesia, in patients without 
neurological disease, the cerebrovascular auto-
regulation seems to be maintained between 0.5 
and 1.0 minimum alveolar concentration (MAC) 
of sevoflurane, although the autoregulation is 
slightly impaired with MAC above 1.0. However, 
some authors suggested that cerebral autoregula-
tion is maintained even with higher MAC (1.2 
and 1.5 MAC) [15]. Compared to sevoflurane, 
the use of halothane [16] is associated with lower 
vessel resistance and higher mean flow velocity 
during general anesthesia. The effect of isoflu-
rane on cerebral FVs however is discordant [17, 

18]. Many authors consider the use of isoflurane 
[24] on cerebral hemodynamics as safe; however, 
Nishiyama et al. [25] compared cerebrovascular 
carbon dioxide reactivity assessed through TCD 
during general anesthesia with sevoflurane and 
isoflurane in patients without known cerebral dis-
ease and found that FV was significantly lower in 
the isoflurane group at PCO2 = 20–40  mm Hg 
than in the sevoflurane group. Moreover, they 
found that the rate of change in cerebral blood 
flow caused by variations of CO2 tension was 
greater during the administration of isoflurane 
anesthesia compared with sevoflurane.

Holmström et  al. [19] assessed the dose-
dependent vasodilatory effects at hypocapnia of 
desflurane, sevoflurane, and isoflurane adminis-
tered in a randomized order at 0.5 and 1.0 MAC 
in a pig experimental model. Cerebral and sys-
temic variables were recorded at two different 
levels of CO2 (normocapnia vs. hypocapnia). At 
0.5 MAC, all the agents had similar effects on 
CBF at hypocapnia. However, the authors found 
a more pronounced cerebral vasodilation at hypo-
capnia with higher doses of desflurane than with 
sevoflurane or isoflurane, concluding that desflu-
rane might be less suitable than other agents in 
neurosurgical procedures.

Among volatile agents, sevoflurane seems to 
have the least effect on middle cerebral artery 
blood flow velocities; however, it has shown to 
determinate a reduction in cerebrovascular car-
bon dioxide reactivity at and above CO2 of 45 mm 
Hg at 1.0 and 1.5 MAC, which is even reduced 
with the addition of nitrous oxide [20].

The addition of nitrous oxide can also deter-
minate significant increase in CBF and reduc-
tion in autoregulatory indices and needs to be 
avoided [21].

24.5.2	 �Intravenous Anesthetics

Intravenous anesthesia is considered the tech-
nique of choice for neurosurgical procedures 
since, compared to inhalation technique, is asso-
ciated with less pronounced vasodilating effect 
on cerebral vessels [22].
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However, investigations comparing the cere-
bral hemodynamic effects during inhalation or 
intravenous anesthesia are conflicting.

Recent findings confirm that the use of sevoflu-
rane, compared to propofol sedation, can decrease 
more significantly MAP and CPP in neurocritical 
care population, with consequent ICP increases 
[23]. However, Marval et al. [24] found that esti-
mated CPP (eCPP), calculated using an estab-
lished formula, decreased significantly in the 
propofol group (median, from 58 to 41 mm Hg) 
but not in the sevoflurane group (from 60 to 62 mm 
Hg) in 23 healthy patients undergoing non-neuro-
surgical procedures monitored with TCD.

Finally, some authors demonstrated [25] that, 
in patients undergoing intracranial tumors resec-
tion, cerebral blood flow velocity was not signifi-
cantly different between sevoflurane- and 
propofol-anesthetized patients at the comparable 
depth of anesthesia, suggesting a role of inhala-
tion anesthesia in neurosurgical procedures.

Propofol is the intravenous anesthetic drug of 
choice and it is commonly used as a first-line 
therapy for sedation and control of intracranial 
pressure in head-injured patients. Compared to 
thiopental, the use of propofol during electrocon-
vulsive therapy resulted in minor cerebral blood 
flow velocity changes [26].

Steiner et  al. [27] examined the effect of 
increasing propofol plasmatic concentration on 
pressure autoregulation in head-injured patients. 
They administered norepinephrine to achieve 
CPP of 70 and 85 mm Hg at each different propo-
fol concentration. The authors found that at high 
propofol concentration TCD-derived flow veloci-
ties were significantly lower than at the moderate 
concentration, but that autoregulation was 
impaired. In their study, Steiner et  al. therefore 
demonstrated that the cerebrovascular effects of 
propofol in head-injured patients are different 
from those observed in healthy individuals, and 
large doses of propofol should be used cautiously 
in this group of patients.

Opioids are frequently used in patients with 
cerebral injury despite clinical reports suggest that 
these compounds may increase ICP. Some authors 
suggest that fentanyl and sufentanil can elevate 

ICP [28]. However, increases in ICP along with 
infusion of opioids are generally associated with 
decreases in MAP, and a rise in ICP is related to 
autoregulatory vasodilation and increased cerebral 
blood volume secondary to systemic hypotension.

Indeed, de Nadal et al. demonstrated that mor-
phine and fentanyl transiently increase ICP in 
response to ABP decrease in patients with pre-
served and impaired cerebrovascular autoregula-
tion but induced no significant variations in CBF 
estimated by TCD sonography. [29]

24.6	 �Transcranial Doppler 
Ultrasonography 
in Neurocritical Care 
Monitoring

TCD presents a wide range of clinical application 
in the neurointensive care settings (Table 24.2).

24.6.1	 �Non-invasive ICP and CPP 
Assessment

Monitoring and targeted management of ICP and 
CPP are widely advocated for patients with 
severe head injuries as intracranial hypertension 
is an important cause of morbidity and mortality 
[30]. Therefore, ICP and CPP evaluation is cru-
cial in many neurological diseases such as trau-
matic brain injury (TBI), subarachnoid 
hemorrhage (SAH), and stroke [31].

The gold standard for ICP measurement is 
invasive. However, invasive ICP monitoring is 
associated with a wide range of possible compli-
cations including infection and hemorrhage [32]; 
therefore, a noninvasive measurement of ICP can 
be invaluable in the management of many neu-
rological patients [33]. TCD is one possible tool 
to assess noninvasive ICP (nICP) and CPP, as 
increased ICP produces specific changes in cere-
bral blood FV, with diastolic FV being particu-
larly sensitive [10].

Gosling pulsatility index (gPI) is one of the 
first measures derived from the TCD waveform 
that has been studied to assess ICP (Fig. 24.7), 
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but reports on its usefulness for predicting ICP 
and CPP are discordant [6, 8].

Bellner [6] found a significant correlation (R = 
0.94, p < 0.0001) between ICP and PI but other 
authors found weak correlation between PI and 
ICP [9]. Some other studies proposed methods 
based on the primarily intended calculation of non-
invasive cerebral perfusion pressure (nCPP), and 
secondarily calculating noninvasive ICP based on 
the assumption that nICP = ABP – nCPP [42, 43].

Czosnyka et  al. [34] proposed a similar but 
modified formula for estimation of CPP and 
demonstrated that the correlation between nonin-
vasive CPP (nCPP) and measured CPP was 0.73 
(p < 10−6). The absolute difference between real 
CPP and nCPP was less than 10 mm Hg in 89% 
of measurements and less than 13 mm Hg in 92% 
of measurements.

Recently, Varsos et al. proposed a method to 
estimate CPP based on critical closing pressure 
(CrCP) which represents a threshold of ABP, 
below which the blood pressure in the brain vas-
culature is inadequate to prevent the collapse and 

cessation of blood flow [35]. The authors found a 
good correlation between nCPP and measured 
CPP (R = 0.85, p < 0.001), with a mean (±SD) 
difference of 4.02 ± 6.01 mmHg. In 83.3% of the 
cases, the estimation error was below 10 mmHg.

In summary, there is a considerable variability in 
the results from studies assessing the accuracy of 
TCD in the detection of ICP and CPP.  None of 
these methods seem to be accurate enough to be 
used as a replacement for invasive ICP measure-
ment, but TCD can still be useful in many situa-
tions, including when the patient presents 
contraindication for the insertion or invasive ICP 
monitoring or when the indications for ICP are not 
met (Fig. 24.8).

24.6.2	 �Vasospasm and SAH

Aneurysmal subarachnoid hemorrhage (aSAH) 
occurs with an incidence of 6–10 per 100,000 
cases per years [36] and represents an important 
cause of morbidity and mortality.

Table 24.2  Clinical applications of transcranial Doppler

Traumatic brain injury Noninvasive ICP and CPP estimation
Autoregulation
Compliance and cerebrovascular dynamics

SAH (Aneurysms and 
AVM)

Vasospasm
Autoregulation

Stroke Diagnosis and treatment of ischemic stroke
Hydrocephalus Infusion study and cerebral reserve and compliance

Noninvasive ICP and CPP
Brain death Diagnosis of brain death
Sickle cell disease Risk from a spectrum of brain injuries that include subclinical infarction, acute stroke 

and hemorrhage; screening of children between 2- and 6-years old is recommended on 
a 6–12 monthly basis, involving measurement of the time-averaged mean FV in 
bilateral MCA, bifurcation, distal ICA, ACA, PCA, and BA

Right to left CARDIAC 
shunt

Evaluation of paradoxical embolism through right to left cardiopulmonary shunts (e.g., 
patent foramen ovale)

Central nervous system 
infections

Noninvasive ICP and cerebrovascular dynamic

Peri-procedural/operative Autoregulation
Noninvasive ICP and CPP

Liver failure and Hepatic 
encephalopathy

Noninvasive ICP estimation and prognosis for acute liver failure

Preeclampsia Assessment of autoregulation and FV as prognostic for preeclampsia
Sepsis Assessing cerebral perfusion changes in septic patients as risk of sepsis-associated 

encephalopathy
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Vasospasm after aSAH is another important 
cause of mortality and morbidity. It usually 
occurs 3–14  days following aSAH, and it is 
known to be one of the causes leading to new 
ischemic neurological deficits [37]. Despite angi-
ography still being the gold standard for the 
detection of vasospasm, TCD can be used for the 
assessment and detection of vasospasm after 
aSAH [38] as the constriction of the cerebral ves-
sels leads to an increase of the cerebral blood 
flow velocities.

TCD has a good ability in the prediction of 
vasospasm. In particular, mean flow velocity 
>120 cm/s on the MCA was found to have a spec-
ificity of 72% and sensitivity of 88% for angio-
graphic vasospasm (Table 24.3) [39].

The Lindegaard ratio (LR) is a TCD-derived 
index which is normally used to differentiate 

between the increase in FV related to systemic 
hyperdynamic flow and the increase secondary to 
vasospasm, by comparing intra-extra cranial 
blood flow velocities.

LR is calculated according to the following 
formula:

LR
MCAMFV

ICAMFV
=
extracranial

When increased flow velocity is related to 
hyperemia, it affects both intracranial and extra-
cranial portion of the ICA (LR < 3); when vaso-
spasm is the cause of increased flow velocity, the 
extracranial portion of the ICA is unaffected and 
LR is >3 (Fig. 24.9). In the posterior circulation, 
a modified LI is generally used with a value >2 as 
threshold to indicate vasospasm [40]:

Modified LR = BA (FVm)/VA (FVm).
An approach to the interpretation of the flow 

velocities and the Lindegaard index in the context 
of vasospasm is presented in Fig. 24.10.

24.6.3	 �Autoregulation

Cerebral autoregulation is the intrinsic ability of 
the brain to maintain a stable CBF despite 

Increased ICP

– Reduction in diastolic velocity
– Increase in systolic velocity
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v
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0
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v

0

As ICP approaches the diastolic
pressure at the level of
microcirculation, the end-diastolic
velocity approaches 0 Reversal of flow in diastole

Fig. 24.8  How increased may affect cerebral blood flow velocities as demonstrated by TCCS

Table 24.3  Grading of vasospasm

Vasospasm of the MCA FVm (cm/s)

Mild (<25% narrowing) <120
Moderate (25–50% narrowing) 120–200
Severe (>50% narrowing) >200

Abbreviations: MCA middle cerebral artery, FVm mean 
flow velocity
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variations in cerebral perfusion pressure between 
certain limits of pressure (50–150 mmHg in nor-
motensive patients) [41]. Impairment of autoreg-
ulation has been demonstrated in many 
neurocritical care conditions, and it is related to 
poor outcome.

Monitoring of cerebral autoregulation has 
been performed for decades under steady-state 
conditions in clinical practice. TCD has been 
applied as a static model to autoregulatory testing 
in patients using the static autoregulatory index 
(sARI) or static rate of regulation (sROR), 

Lindegaard index

LI =
FVMCA 

FVecICA 

•   3.00 ≤ LI ≤ 5.99: mild to moderate

•  The Lindegaard ration helps determine
   whether the increase in MCA velocity is
   due to vasospasm or due to hyper –
   dynamic flow

•  LI ≥ 6.00: severe

Lindegaard index: 8:8
(198.77/22.47)

Fig. 24.9  Lindegaard index (LI) formula and example of severely elevated LI

Vasospasm

Clinical suspicion of DCI/
daily monitoring

TCD

MCA FVm < 120 cm/sec MCA FVm 121-200 cm/sec

Lindegaard index

MCA FVm >200 cm/sec

< 3 3-6 > 6

High probability of spasm

High probability of spasmIntermediate probability
of spasm

Low probability of spasm

Low probability of spasm

Fig. 24.10  Approach to the interpretation of the flow velocities and the Lindegaard index in the context of vasospasm
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defined as the percentage of change in CVR with 
respect to the percentage of change in CPP [42].

However, static assessment of autoregulation 
is often too simplistic as it does not take in 
account a number of factors including the differ-
ent upper and lower limits of autoregulation or 
different slopes of the “autoregulatory zone” 
among different individuals.

A recent approach used TCD for the investiga-
tion of dynamic cerebral autoregulation given its 
high temporal resolution, which allows to meas-
ure the timing of the changes of CBF to the CPP/
(ABP) challenge [43].

TCD can allow the calculation of an index of 
autoregulation called mean flow index (Mx), 
which is calculated as the correlation coeffi-
cient between FVm and CPP; an Mx value of 
zero or negative indicates preserved autoregula-
tion, whereas a positive correlation between 
ABP (or CPP) and CBF indicates impaired 
autoregulation.

The study of autoregulation through TCD has 
been applied in many clinical scenarios.

In patients with stroke, TCD has demonstrated 
to be able to detect an impairment in cerebral 
autoregulation of the pathologic hemisphere and 
showed an association of this impairment with 
poor outcome [44]. Moreover, impaired autoreg-
ulation assessed with Mx index has shown to be 
strongly associated with poor outcome at 
6 months in patients after TBI [45].

Similarly to TBI, impaired cerebral autoregu-
lation seems to play a significant role in the path-
ophysiology of vasospasm and delayed cerebral 
ischemia (DCI) after SAH. Budohoski et al. dem-
onstrated that patients with worse autoregulation 
after SAH are more likely to develop delayed 
cerebral ischemia (DCI) independently to the 
incidence of vasospasm [46] and that impairment 
of autoregulation can be detected before vaso-
spasm occurs.

Finally, in patients with ICA stenosis, impaired 
autoregulation assessed by Mx observed in the 
pathological stenotic or occlusive arteries has 
shown to be correlated with the degree of stenosis 
and is considered as a tool to identify patients at 
risk for need of surgical decompressive craniec-
tomy [47].

24.6.4	 �Brain Death

Brain death is an irreversible cessation of the brain 
and brainstem functions. Its diagnosis implies 
several medical, ethical, and legal implications.

Currently, brain death is diagnosed by clinical 
neurological examination and confirmatory instru-
mental tests in some clinical cases, such as EEG, 
angiography with multi-slice computed tomogra-
phy (CTA), brain scintigraphy or TCD, according to 
the legal requirements in each individual country.

The use of TCD in brain dead has been first 
described in 1974, and it is an alternative confir-
matory test. It is able to demonstrate cerebral cir-
culatory arrest associated to brain death, especially 
when neurological examination is not possible.

The conditions for establishing a diagnosis of 
cerebral circulatory arrest using TCD include the 
knowledge of the cause of coma, and the exclu-
sion of factors that may alter the neurological 
findings, including hypothermia, metabolic alter-
ations, and intoxications. Moreover, during the 
TCD measurements, the patient has to be hemo-
dynamically stable with a blood pressure no lower 
than 90/50 mmHg, and PaCO2 35–45 mmHg.

Published criteria [48] for the diagnosis of cere-
bral circulatory arrest on TCD state that one of the 
following waveforms must be observed in the mid-
dle cerebral artery, basilar artery, and internal carotid 
artery bilaterally by two expert sonographers:

	1.	 An oscillating waveform (equal systolic for-
ward flow and diastolic reversed flow) 
(Fig. 24.11)

	2.	 Small systolic spikes of < 200  ms duration 
and < 50  cm/s PSV with no diastolic flow 
(Fig. 24.12), or

	3.	 Disappearance of intracranial flow

The examinations should be repeated twice at 
least 30 min apart.

Despite the large number of limitations in the 
use of TCD for the diagnosis of brain dead 
(operator-dependent technique, absence of 
acoustic window in 10–20% of patients, 
difficulty exploring posterior circulation in criti-
cally ill patients, false-negative results in patients 
with anoxia or with open skull), a meta-analysis 
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published in 2006 [49] reported a sensitivity of 
95% and a specificity of 99%.

24.7	 �Other Applications

TCD has been used for the diagnosis, prognosis, 
and treatment of ischemic stroke.

It has been demonstrated to be a reliable prog-
nostic indicator in MCA occlusive stroke [50] 
and may also have a role in the prediction of out-

come in these patients, according to the site and 
severity of occlusion observed.

Besides the common previously described appli-
cations in neurointensive care settings, TCD has 
been successfully applied even in the intraoperative 
settings, in order to assess nCPP and nICP in surgi-
cal procedures at risk to increase intracranial hyper-
tension [5] such as laparoscopic procedures with 
pneumoperitoneum and Trendelenburg position, as 
well as for neuromonitoring during cardiac surgery 
or carotid endarterectomy . Finally, growing and 

Fig. 24.11  Example of diastolic flow reversal in the context of malignant intracranial hypertension

Fig. 24.12  Example of absence of diastolic flow in the context of malignant intracranial hypertension

C. Robba and A. Rigamonti



287

recent evidences support the use of TCD even in 
metabolic coma (such as during liver transplant or 
hepatic encephalopathy) or in pregnant patients, to 
assess autoregulation and cerebrovascular changes 
as prognostic factor for preeclampsia.

24.7.1	 �Limitations of TCD and TCCS

TCD presents several technical limitations. First, 
the two main assumptions and limitations that gov-
ern the use of TCD as an indirect measure of CBF 
are a constant vessel diameter and an unchanged 
angle of insonation during the measurements 
(despite TCCS allows correction of angle of 
insonation). As demonstrated by Clark et al. [51], 
MCA blood-flow velocity is a useful index of CBF 
response to changes in arterial PCO2 during O2 
breathing at rest. However, FV evaluated by TCD 
is proportional to CBF only when vessel cross-sec-
tional area remains constant. Thus, the results of 
any TCD study of CBF should always be inter-
preted with caution, keeping in mind the possibility 
that cerebral vessel diameter has changed. With 
every ultrasound exam, there is an operator-depen-
dent variability, despite the intra-observer and 
inter-observer variability during TCD examina-
tions has been reported to be good [52].

In a recent study on healthy volunteers and 
patients with aSAH, TCCS measurement variability 
resulted to be wider in patient measurements than in 
healthy volunteers (Bland-Altman limits of agree-
ment 0.62–1.61  in patients and 0.67–1.50  in con-
trols). This discrepancy can be explained by a higher 
degree of error in patients with angiographic vaso-
spasm, where the caliber of the vessels is altered

Another limitation is that up to 20% of patients 
do not have a proper temporal window which 
prevents US transmission [52].

Moreover, since measurements are frequently 
only taken from the MCA, cerebrovascular changes 
in the posterior circulation may not be detected [44].

Finally, there are several anatomical variants 
and the direction and anatomy of the vessels can 
vary up to 52% of patients [53].

�Conclusion

TCD is a noninvasive, safe, accessible tech-
nique for the bedside monitoring of static and 
dynamic cerebral flow and treatment response.

In neurointensive care settings, real-time 
monitoring of TCD-derived indices may pro-
vide important information regarding the onset 
of cerebrovascular alterations and facilitate 
clinical management of cerebral pathologies. 
Despite it presents several limitations, TCD 
remains an important tool for the assessment of 
cerebral hemodynamics in critically ill patients.
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25.1	 �Incidence and Outcome

Postoperative intracranial hemorrhage hence 
named postoperative hematoma (POH) is a dev-
astating neurosurgical complication with an inci-
dence ranging from 0.08 to 6.2% per craniotomy 
[1, 2]. POH as stated above is one of the most 
serious complications of any cranial neurosurgi-
cal procedure and is associated with significant 
morbidity and mortality [3].

Although significant advances have been 
made in timely interventions, the occurrence of 
POH always looms after a seemingly successful 
intracranial surgery and is a feared complication. 
The prognosis of POH unfortunately is dismal 
and disappointing with hardly 13% having a 
good outcome, and 55% of patients severely dis-
abled or else dead at 6  months [1]. In another 
study, an overall mortality of 32% has been 
reported, and even higher for intraparenchymal 
clots [4]. In another study comprising 6668 pro-
cedures, the incidence of POH was 1.1% [5]. The 
incidence however varies in different studies 
depending on whether the figures are based on 
clinical deterioration or else routine radiological 

monitoring. Based on the latter tool, the inci-
dence ranges between 10.8 and 50.0% [6].

POH evolving at the site of operation however 
differs from the one occurring at a site far away 
or remote from the site of operation. The one 
occurring distant from the site of operation has a 
different etiology and frequently occurs follow-
ing evacuation of subdural collections [7], poste-
rior fossa surgery [8, 9], intercerebral hemorrhage 
[10]and shunting procedures [11]. The two 
hematomas are distinct entities each having its 
own risk factors but factors such as brain atrophy, 
hypertension, and upright positioning [9] may be 
common for both POH and hematomas occurring 
at places far distant from the site of operation. 
Since our objective is to dilate on the subject of 
POH, that is, hematomas occurring following 
intracranial surgery, hematomas occurring at 
remote areas would not be discussed further.

25.2	 �Etiology

Because of its high incidence, a downhill course 
of the patient postoperatively is commonly 
regarded as a subtle and consistent sign of an 
evolving POH, and surgeons regard it as a grave 
sign necessitating speedy exploration and evacu-
ation. Delay is perilous, thus timely surgery is the 
hallmark of a successful outcome of POH.

Among the causes cited for the occurrence of 
POH, hyperfibrinolysis has been cited as the 
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principal mechanism for such hemorrhagic 
abnormalities [1, 12].

The underlying pathological event involves 
release of plasminogen-activating factors from 
the tumor cells, or tissue factors released from the 
injured parenchyma during the process of sur-
gery itself [13, 14].

It is however to be kept in mind that the pro-
cess of coagulopathy is triggered by the release 
of thromboplastins from the injured brain [12, 
15]. Meningiomas have been cited as the benign 
brain tumors capable of releasing the highest 
amount of tissue thromboplastins and thus 
demanding an ever increase vigilance in execut-
ing timely and adequate surgical hemostasis.

Besides meningiomas, thromboembolic com-
plications, hyperfibrinolysis, disseminated intra-
vascular coagulopathy, and hemorrhage have 
been frequently observed in patients with all 
brain tumors [16–18].

25.3	 �Demography Factors

Demographic factors such as age and sex have 
not been found to influence the occurrence or 
gravity of POH.  Although the aging process 
would go parallel with some of the brain atrophy, 
there is no study so far to provide an unequivocal 
evidence that age or gender would be influencing 
factors [1, 4].

25.4	 �Predisposing Conditions/
Factors and Underlying 
Pathophysiologic 
Mechanisms

Intracranial hemorrhage can be serious and 
sometimes fatal complication when it occurs dur-
ing or after intracranial surgery. It is likely the 
result of many predisposing conditions such as 
surgical hemostasis, venous pressure, coagula-
tion status, genetic predisposition, and hemody-
namic state.

Acute blood pressure (BP) elevations fre-
quently occur prior to postcraniotomy intracra-
nial hemorrhage. Postoperative hypertension 

has been cited as a major factor for the develop-
ment of POH. This is of course based on sub-
stantial evidence as most cases of bleeding 
occur within the first 6  h of surgery. Patients 
who succumb to the catastrophic complication 
of POH, in all probability had either an episode 
of hypertension in the intraoperative period or 
in the early postoperative period. It is also likely 
that such patients had remained hypertensive in 
the intraoperative and early postoperative period 
and had either remained unattended or else had 
failed to respond to the antihypertensive treat-
ment. Other contributing factors could be tra-
cheal intubation right at the initiation of 
anesthesia which is frequently associated with 
coughing and straining causing an alarming 
increase in cerebral venous pressure and eventu-
ally leading to the development of POH. In the 
same vein, tracheal intubation if not conducted 
at an appropriate depth of anesthesia could also 
activate the sympathetic nervous system and 
bring in an incalculable harm to the meticulous 
homeostasis achieved during surgery, and result 
in an early POH formation. Although not the 
subject of this chapter, but just to make a pass-
ing reference to the fact that labile hypertension 
and intraoperative swings in the blood pressure 
may also contribute to the development of intra-
cranial hemorrhage, quite remote from the site 
of operation following neurosurgical procedure 
which again entail time for reoperation and 
increase both morbidity and mortality [10].

Patients who have hypertension, coronary 
artery disease, preoperative labile hypertension, 
and surgery planned for intracranial mass may 
carry the risk of intracranial hematoma during 
the perioperative period. Perioperatively and dur-
ing extubation, sudden spikes in blood pressure 
must be avoided. Surgical stress and erratic 
hemodynamic responses during the induction of 
anesthesia must be controlled with anesthetics or 
other additional agents. Emergence from anes-
thesia should preferably be smooth and without 
any surges in blood pressure. Prompt and effec-
tive management of hypertension remains the 
most effective prevention strategy for POH, given 
both the relatively high prevalence of hyperten-
sion with in the community and the strong 
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association between hypertension and intracra-
nial hypertension [19].

In most of the studies conducted so for, hyper-
tension is commonly implicated in the develop-
ment of both intra and postoperative hemorrhage. 
Furthermore, it is associated with hemorrhage 
both at the operative site and at sites quite distant 
from the site of operation.

The association between hypertension and 
POH formation is so compelling that authors 
have emphasized on the point that precautionary 
pharmacological therapies should be initiated to 
circumvent or attenuate the stress responses to 
surgery and to strictly obviate wide fluctuations 
in blood pressure that are commonly encountered 
during surgery and during the waxing and wan-
ing actions of the anesthetic agents commonly 
employed for intracranial surgery [2].

Apart from causing POH, it could be argued 
that an increase in mean arterial pressure (MAP) 
can be transmitted to the capillary bed, thus 
increasing hydrostatic pressure and thus aggra-
vating intracranial hypertension by increasing 
transcapillary fluid filtration [20].

Although such a scenario is specially seen in 
head injury patients in whom the blood brain bar-
rier is disrupted, theoretically it is not far from 
conceivable assumption that it can possibly occur 
in patients undergoing routine intracranial tumor 
resection on the valid and scientific grounds that 
intracranial tumors do in fact disrupt the blood 
brain barrier to a certain degree.

A raised blood pressure coupled with intracra-
nial hypertension can further compound the 
already complicated situation and make matters 
worse. Potential pathophysiologic mechanisms 
of elevated blood pressure in patients with POH 
include stress activation of the neuroendocrine 
system (sympathetic nervous system, renin–
angiotensin axis, or glucocorticoid system) and 
increased intracranial pressure (ICP). 
Hypertension could theoretically contribute to 
hydrostatic expansion of the hematoma thus 
enhancing the size of an already progressing 
hematoma, bringing about peri-hematoma edema 
formation and activating bleeding, all of which 
may contribute to the cascade of adverse 
outcomes.

25.5	 �Emergence from Anesthesia

Tapering the anesthetic agents towards the end of 
surgery commonly referred to as emergence from 
anesthesia is frequently associated with a surge 
or a rise in blood pressure and this systemic 
hypertension in turn ushers in the intracranial 
bleeding and the much feared POH and cerebral 
edema following craniotomy [21–23]. It has been 
demonstrated that a high blood pressure was a 
correlate of intracranial hemorrhage following 
craniotomy [24]. Perioperative hypertension has 
been reported to range from 54% to as high a fig-
ure as 91% [25–28]. Rises in blood pressure have 
been attributed to a surge in catecholamine levels 
after craniotomy [13], activation of the renin–
angiotensin system and perhaps other metabolic 
stresses that occur during surgery. POH is com-
monly seen when recovery from anesthesia is not 
smooth and is associated with systemic hyperten-
sion [28]. Some studies have related hyperten-
sion to intracerebral hemorrhage in patients who 
had normal coagulation profile [4, 6] highlight-
ing the fact that hypertension in itself could cause 
POH. It is quite logical to assume that an elevated 
blood pressure would cause cerebral hyperemia 
with a propensity for hemorrhaging. If the auto-
regulatory levels are trespassed, the increased 
blood pressure might overwhelm the reserves of 
autoregulation and usher in a devastating cerebral 
hyperemia eventually ending up in a POH. There 
is also a strong possibility that vasomotor paraly-
sis might have occurred at the site of surgical 
manipulation either because of excessive use of 
surgical retractors or because of remnants of the 
tumor. In the setting of such a fragile and vulner-
able state of cerebral autoregulation, it is but 
natural that an episode of hypertension no matter 
how transient it may be would cause a sudden 
increase in cerebral blood flow (CBF) and even-
tually lead to the formation of POH.

In one study, metoprolol and ketanserin were 
employed to tide over the rising blood pressure, 
but the drugs failed to counteract the rise in CBF 
both during and after craniotomies [29]. In 
another study, the authors could find an increase 
in CBF despite the fact that the hemodynamics 
were adequately controlled during the 

25  The Conundrum of Postoperative Hematoma in Intracranial Surgery



294

perioperative period [30]. It is difficult to explain 
as to why should there be rises in CBF during 
apparently quiescent periods when the hemody-
namics were well controlled and why should 
such patients develop POH. There is paucity of 
well-controlled, prospective, randomized trials to 
explicitly demonstrate clear benefits accrued 
from keeping the blood pressure within the 
acceptable range during the perioperative period 
and translating them into a statistically signifi-
cant reduction in the incidence of POH.  The 
results obtained from the above studies, no mat-
ter how few they are, failed to have a substantial 
impact on preventing rises in CBF, revealing 
thereby that the control of blood pressure might 
not have the desired effect that it was intended to 
bring about such as preventing any surges in 
CBF.

Thus, there conceivably might be additional 
mechanisms in play besides the often talked 
about rises in blood pressure that might be 
responsible for the development of POH follow-
ing intracranial surgeries. It could also be well 
argued that the hypertension that is frequently 
encountered and which many a times fail to 
respond to the various pharmacological and anti-
hypertensive agents could possibly be a sign of 
yet an unknown phenomenon that is activated 
primarily by the intracranial surgery itself and 
which possibly could be temporally related to the 
development of POH. Perhaps other factors such 
as gross or partial excision of the tumor, trans-
gression of the tumor or its frank invasion to 
adjacent structures such as the sinuses, any inad-
vertent alternations in cerebral venous pressures 
during the course of surgery, the degree of surgi-
cal hemostasis achieved before dural closure, and 
finally, the duration of surgery could also in all 
probability be of dire importance in the occur-
rence of POH.

Intubation of the trachea in itself might incur 
an incalculable harm in terms of raised central 
venous pressures that could predispose to the 
development of POH [30]. Antihypertensive 
agents currently in vogue are accompanied with 
cerebral vasodilation and thus usher in hyperemia 
which could also possibly be an incriminating 
factor in the development of POH.

25.6	 �The Dilemma of Emergence 
Hypertension

Although there is no solid proof that emergence 
hypertension would cause intracranial hemor-
rhage and finally end up in POH, it is prudent to 
prevent any surges and obviate any spikes in 
blood pressure during the highly critical and sus-
ceptible period of emergence from anesthesia.

To help conduct a smooth emergence and tra-
cheal extubation after the culmination of surgery, 
various drugs such as beta blockers [31], 
Angiotensin converting enzyme (ACE) inhibitors 
and calcium channel blockers have been tried 
with some limited success, but they are not totally 
safe and are associated with side effects such as 
conduction defects, bradycardia, hypotension, 
and autoregulation impairment [32, 33].

Hydralazine provenly causes cerebral vasodila-
tion and thus causes an inevitable rise in ICP [34].

Lidocaine has served to be a useful agent in 
blunting the airway reflexes prior to both intuba-
tion and extubation and thus curtails or altogether 
prevents coughing and straining, events that are 
highly hazardous in neurosurgery.

A hemodynamic stability has been reported 
with dexmedetomidine when used as an adjuvant 
drug during neuroanesthesia [35, 36].

Although hypertension per se might be associ-
ated with POH, it is hard to establish a temporal 
relationship between the two on valid scientific 
grounds. Establishing a cause and effect relation-
ship between the two needs additional well-
conducted randomized clinical trials.

25.7	 �Intracranial Surgery 
and Hemostasis

In all other types of surgeries, the bleeders are 
ligated and thus surgical hemostasis is achieved, 
but this type of hemostasis does not hold true in 
the brain where hemostasis is achieved by meth-
ods other than ligation and this brings down the 
accuracy of adequate hemostasis. It has been 
accepted by all that an inadequate hemostasis in 
the brain has disastrous repercussions. Following 
intracranial surgery, meticulous hemostasis and a 
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clean surgical field is imperative before dural clo-
sure to prevent the highly devastating complica-
tion of POH. Different techniques such as timely 
utilization of topical hemostats have been of 
some help in achieving surgical hemostasis [37].

Perioperative factors such as patient position-
ing, blood pressure, and Valsalva maneuver can 
be of help in preventing the development of a 
POH and thus help in conducting a seemingly 
successful intracranial surgery. When there is 
still an ooze and visible bleeding at the end of 
surgery, a thin sheet of oxidized cellulose is fre-
quently employed to cover the surgical field as 
the final hemostasis is being accomplished [38, 
39]. Prior to the placement of oxidized cellulose, 
bipolar forceps are invariably used to coagulate 
bleeders at the capillary level. Undoubtedly, oxi-
dized cellulose has had its wide application in 
intracranial surgery and has proved to be success-
ful in bringing a substantial reduction in the 
development of POH, but the problem is that it 
could swell up and cause severe neurological 
deficits [40, 41]. Its use has also been accompa-
nied with granuloma formation [42]. Large slices 
of cellulose are thus being avoided for evident 
and obvious complications. Some surgeons used 
either oxidized cellulose or else gelatin simply 
out of habit even if there is no oozing in the tumor 
bed. In cases of oozing, they are helpful but under 
no circumstances would they be of any help in 
stopping more active bleeding at the site of the 
operation.

The powder form of cellulose which was 
sprinkled on the surface in 107 patients resulted 
in only 2.8% postoperative bleeding with only 
three of the patients developing a POH, and all 
the 3 were operated for meningiomas which has 
been cited as causing consumptive coagulopathy 
and thus promoting the development of a 
POH.  These authors consider it a better option 
compared to oxidized cellulose and recommend 
it as a safe product for homeostasis [43].

It has been widely upheld that the practice of 
neurosurgery inherently was more sensitive to 
any deficit in homeostasis than many of the surgi-
cal disciplines [44]. This statement in itself high-
lights an extra vigilance and spending an extra 
time in achieving adequate homeostasis in all 

cranial surgeries because the rate of POH could 
range from figures as low as 0.8% to figures as 
high as 50.0% [4, 6, 45]. The exact volume of 
POH necessitating urgent evacuation has not 
been cited and would differ from case to case and 
determined by other factors such as location of 
the POH and the clinical deterioration of the 
patient.

All efforts should be focused on all possible 
remedies to prevent the occurrence of 
POH.  Thromboelastography when combined 
with the standard laboratory tests is of value in 
assessing platelet function and likewise in detect-
ing other coagulation deficiencies such as abnor-
mal prothrombin time (PT) and partial 
thromboplastin times (PTT) which would not be 
detected by other tests unless they are reduced by 
more than 50%. It is thus suggested to initiate 
replacement of clothing factors and platelets even 
before the laboratory tests are known to counter-
act the occurrence of POH [46].

Many factors can be of vital importance in an 
adequate surgical homeostasis such as an ade-
quate number of functioning platelets, normal 
blood coagulation profile, and the nonexistence 
of excessive fibrinolysis [1]. Lack of these factors 
leads to abnormal coagulation, thus enhancing 
the risk of postoperative complications. Platelets 
are essential for plug formation and a sudden 
reduction in platelet count (normal 100,000–
124,000/μL) in the postoperative period is sig-
nificantly associated with POH formation [47].

In the same vein, it has been said that an epi-
sode of acute thrombocytopenia increases the 
chances of POH [47]. Thrombocytopenia usually 
occurs from blood transfusions, platelet con-
sumption, or coagulopathies [48]. Alcohol con-
sumption also significantly impairs platelet 
function and increases the risk for postoperative 
bleeding following major surgery [49].

The chances of POH further increase when 
disseminated intravascular coagulopathy, deple-
tion of coagulation factors, and platelets set in 
along with excessive fibrinolysis [50]. Factor 
XIII deficiency which occurs either because of 
excessive consumption or else impaired synthesis 
initiates excessive fibrinolysis, thus leading to 
postoperative bleeding [51, 52]; therefore its 
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levels should preferably be determined in patients 
with POH. Administration of antiplatelet agents 
is commonly associated with the development of 
POH [1] and both aspirin and clopidogrel should 
be stopped 7 days before surgery as they inhibit 
platelet aggregation and significantly increase the 
bleeding time. Again, caution should be exer-
cised in recommending low-dose heparin or low 
molecular weight heparin before craniotomy as 
they increase the risk of postoperative bleeding 
[53]. Bleeding that does not respond to other 
treatments is reduced with recombinant activated 
factor VII (rFVIIa) [54, 55], but thromboembolic 
events do occur as have been reported [55, 56]. 
Excessive blood loss during surgery for unknown 
reasons has been incriminated as a risk factor for 
POH [57], thus logically antifibrinolytics such as 
tranexamic acid and epsilon aminocaproic acid 
that decrease blood loss would be of potential 
value. But these agents are also not totally safe 
and carry an inherent risk of deep vein thrombo-
sis [56]. Aprotonin is of value in reducing periop-
erative blood loss without increasing the risk of 
thromboembolic complications [58].

To attain neurosurgical hemostasis, topical 
hemostats [1] including oxidized cellulose, gel 
foam, fibrin glue, and aprotinin are required [59]. 
Bipolar cautery is extensively employed in neu-
rosurgery, but it is believed that the vessels that 
are being cauterized may retract and thus initiate 
hemorrhage [6]. Postoperative hemorrhage para-
doxically also occurs in operative sites with 
seemingly meticulous hemostasis being con-
ducted at the time of closure [2] making us to 
think that there might be some unidentified fac-
tors at play in the development of POH.  Some 
propose Valsalva maneuver at the end of opera-
tion which besides raising intrathoracic pressure 
and intracranial pressure, also raises the blood 
pressure (BP) that normally occurs during extu-
bation and weaning from anesthesia [60]. An 
increase in the blood pressure alerts the surgeon 
to potential bleeders at the site of the operation. 
An upright position adapted for cerebellopontine 
angle or posterior fossa tumors may predispose 
to hemorrhage [9, 61]. It is also argued that the 
reduced blood flow in an upright position may 
induce ischemia [57], and then upon adopting 

supine position postoperatively, hyperperfusion 
breakthrough occurs in the previously induced 
ischemic tissue [9].

An increase in intraoperative blood loss has 
been associated with a high incidence of 
POH.  The likely explanation is depletion of 
platelets and other coagulation factors that occur 
during extensive intraoperative blood loss [57]. 
Thus, it is logical that intraoperative blood loss 
be replaced with FFP and platelets, and if such 
losses are anticipated to occur such as in major 
surgeries, prophylactic transfusions should be 
initiated well ahead of the event.

It has been stressed that sudden swings in blood 
pressure and hypertensive episodes in the periop-
erative period are associated with an increased risk 
of POH [28, 62]. This is all the more important and 
particularly evident when the blood–brain barrier 
is disrupted as in vasogenic edema when the rise in 
blood pressure is transmitted directly to the micro-
vasculature causing an increase in intracranial vol-
ume, intracranial pressure thus predisposing to 
POH. Blood pressure levels above 160/90 mmHg 
have a significant correlation with POH [28]. 
Thus, a smooth or gentle extubation and emer-
gence from anesthesia would be helpful in attenu-
ating the stress responses to surgical trauma and 
extubation [2, 9].

For diagnosis, intraoperative magnetic reso-
nance imaging (iMR) is of value in detecting 
POH [63], but owing to its high cost, intraopera-
tive computed tomography (iCT) would perhaps 
be a plausable option [64]. iMR has a very low 
sensitivity with very few patients requiring evac-
uation. Thus, although the role of intraoperative 
monitoring is of considerable importance, it has 
to be kept in mind that POH may appear long 
after the patient has been shifted from the opera-
tive room substantiating this point that a contin-
ued vigilance and monitoring is needed to 
correctly and timely diagnose an evolving POH 
[3]. Postoperative imaging is always needed and 
has been routinely conducted with 24 h [2], 48 h 
[65], and up to 7 days postoperatively [6, 7].

Taking the grave prognosis of POH into consid-
eration, ICP monitoring has been advocated fol-
lowing brain surgery [66, 67] on the assumption 
that it has direct correlation with poor prognosis.
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25.8	 �A Novel Approach 
in Identifying Occult 
Bleeders

In an interventional study on 37 patients with 
parasagittal or parafalcian meningiomas, Khan 
et al. [68] attempted a novel approach to curtail 
the incidence of POH which is of course high 
after intracranial meningioma surgery (Figs. 25.1 
and 25.2).

After tumor resection and having accom-
plished primary hemostasis, group I received a 
bolus of ketamine hydrochloride 1.5 mg/kg intra-
venously, group II received a free infusion of an 
extra isotonic saline (15  mg/kg) at the rate of 
100 ml/min, and group III received 2 ml of nor-
mal saline as a placebo. Ketamine and hypervol-
emia were both employed with an intent to induce 
hyperdynamic stress, and it was postulated that 
with this method, the surgeon having finished the 

a

c

b

Fig. 25.1  Contrast-enhanced axial (a), coronal (b), and sagittal (c), T1–weighted images of the tumor showing para-
sagittal meningioma, which has filled the convexity falx angle. Superior sagittal sinus is patent
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primary hemostasis and having controlled pre-
stress hemorrhage or bleeding vessels conducts 
another secondary or vigilant hemostasis after 
the hemodynamic stress. The basis of this novel 
theory was that the surgeon normally conducts 
surgical hemostasis of the pre-stress hemorrhage 
under circumstances when the patient is deeply 
anesthetized and at the same time might be hypo-
capnic, hypotensive, and hypovolemic and thus 
the surgeon might inadvertently miss or fail to 
microscopically visualize some of the dormant or 
camouflaged bleeders. It is expected and quite 
natural that owing to the low intraluminal pres-
sure under circumstances as mentioned above, 

the occult bleeders would be impossible to visu-
alize and thus would remain uncoagulated in the 
lax and sagging brain.

As is the custom, the tumor bed is covered by 
a gel foam with an intent to having executed 
meticulous hemostasis. Also, at the completion 
of surgery, the tumor bed is re-checked for any 
renewed bleeders after raising the intrathoracic 
pressure or else employing Valsalva maneuver 
[4], suffice it to say that this maneuver exclu-
sively helps only in identifying the venous bleed-
ers by increasing the cerebral blood volume, the 
arterial bleeders however remain dormant and 
would start spurting again if a hemodynamic 
stress, that is, administration of ketamine I.V. or 
an additional load of isotonic saline is utilized 
[68]. By employing I.V. ketamine or an addi-
tional load of normal saline, they in fact pro-
moted the potential arteriolar bleeders to spurt 
again enabling the surgeon to tackle these bleed-
ers by conducting a renewed intraoperative re-
hemostasis. Colloids were avoided in this study 
to induce hypervolemia because they have a trend 
in reducing the fibrinogen component of the clot. 
Crystalloids on the other hand do not affect pri-
mary platelet-mediated hemostasis [69]. Brain 
edema is a matter of concern [70] when hyper-
volemia is employed, but an increase in edema 
score was not seen in the hypervolemia group 
compared to the control group [68]. It could be 
argued that as hemodilution tends to increase the 
cardiac output and capillary flow [71, 72], if 
severe enough, it could cause left ventricular fail-
ure [73]. The purpose of infusing an extra iso-
tonic saline after the completion of primary 
hemostasis in our study [68] was to boost the car-
diac output to promote or else enhance arteriolar/
capillary circulation to identify the occult bleed-
ers, thus enabling the surgeon to conduct renewed 
hemostasis of the newly spurting bleeders.

As a caution, it is to be emphasized that a rise 
in central venous pressure (CVP) after a hemody-
namic stress reflects an impending heart failure 
[72]. Such a scenario in itself limits an increase in 
cardiac output and thus fails to activate arteriolar 
bleeders. The fluid challenge in our study not 
only helped to activate arteriolar bleeders subse-
quent to an increase in cardiac output but also 

Fig. 25.2  Postoperative CT scan showing gross total 
tumor removal after a right-side parietal craniotomy
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failed to cause significant rises in central venous 
pressure.  This shows that the fluid challenge 
employed in these patients was large enough to 
bring about modest increases in cardiac output, 
yet not big enough to cause a reduction in cardiac 
output secondary to an impending heart failure. 
This fluid challenge totally differs from an acute 
normovolemic hemodilution where large vol-
umes of fluid are infused to replace the quantity 
of the blood withdrawn with an intent to maintain 
hemodynamic stability.

The positive inotropic effects of ketamine, an 
N-methyl-D-aspartate receptor antagonist in the 
form of an increase in heart rate, blood pressure, 
and cardiac output [73], were clearly noticeable in 
the ketamine group and this sterling effect allowed 
the arteriolar bleeders to spurt again after the pri-
mary or initial hemostasis, and it was distinctly evi-
dent by a significantly longer time needed to 
conduct secondary hemostasis, thus promoting an 
efficient and meticulous hemostasis culminating in 
reducing POH and postoperative edema. Some 
studies have incriminated ketamine in causing sig-
nificant rises in CBF while others have found ket-
amine to curtail CBF or else exhibit no effect on 
cerebral hemodynamics [74–76]. The increase in 
CBF following ketamine administration depended 
on the increase in MAP [77] and the effect on cere-
bral hemodynamics was secondary to an increase in 
cerebral metabolic rate of oxygen (CMRO2) [78]. 
Nevertheless, these changes also depended and 
were influenced by the degree of controlled ventila-
tion and the use of background anesthetics [79].

25.9	 �Intracranial Hematoma 
and Nonsurgical Treatment

Intracranial hematomas carry a worse prognosis 
unless evacuated because of cerebral ischemia 
caused the expanding lesions. Before surgical 
evacuation of the hematoma, many therapies 
such as mannitol, hyperventilation, and volume 
expansion with fluids or pressor drugs are advo-
cated to lower the rising ICP.  The MAP under 
such circumstances should preferably be at least 
80 mmHg [80] because mortality rate is increased 
when the MAP declines below 80 mmHg [81].

Jugular venous saturation (Sjvo2) monitoring 
might give a useful clue regarding the adequacy 
of cerebral perfusion [81, 82] and should ideally 
be kept above 50%. A fiberoptic oxygen catheter 
is placed in the dominant internal jugular vein 
with its tip positioned in the jugular bulb. The 
Sjvo2 can serve as a useful adjunct to maintain 
cerebral perfusion in the setting of increased ICP 
because of an intracranial hematoma [83].

Conclusion�

Unlike spontaneous intracranial hemorrhage 
which is preceded by a transient ischemic 
attack, and where treatment regimens are lim-
ited, intracranial hemorrhage that occurs dur-
ing or after intracranial surgery can be a 
devastating and fatal complication if timely 
intervention and surgical evacuation of the 
POH is not attempted.

There does exist an impending risk for the 
development of intracranial hematoma fol-
lowing any intracranial surgical operation. 
Since postoperative hematoma is associated 
with a high mortality, all measures should be 
instituted to prevent its occurrence. Hence, it 
should become a prerogative that these 
patients are catered for in the intensive care 
unit for an overnight. Together with the list of 
remedial measures outlined above, we recom-
mend that the occult bleeders should be reacti-
vated by a hemodynamic stress following the 
initial surgical hemostasis and then a re-
hemostasis of the bleeders achieved. A hemo-
dynamic stress encourages occult bleeders to 
spurt again, thus providing a chance to the sur-
geon to conduct a vigilant re-hemostasis 
which substantially decreases the risk of post-
operative hematoma formation.
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26.1	 �Introduction

It is well-known that patients undergoing neuro-
surgical procedures and patients with acute neu-
rological injury are at high risk for developing 
long-term neurological deficits [1]. Providing 
neuroprotection after brain surgery and neuro-
logical injury is the primary goal of neuroanes-
thesia and neurocritical care and has been the 
subject of significant research and interest [2].

When considering the optimal timing and 
method of providing neuroprotection, there is 
great importance in understanding the underlying 
physiology of perioperative and traumatic neuro-
logical injury. Mechanistically, the neurological 
injury can be classified into two classifications 
that differ in their time course: primary and sec-
ondary injury [3]. While the primary injury is 
immediate and results from the direct mechanical 
injury, secondary injury typically progresses over 
hours to days after the primary injury and results 

from a subsequent cascade of mechanical and 
chemical events that significantly alters the nor-
mal cerebral physiology. The mechanism of sec-
ondary brain injury is attributed to changes in 
cerebral blood flow and intracranial pressure 
(ICP), hypoxemia, systemic hypotension, and 
cerebral edema.

In recent years, the neuroprotective effects of 
several pharmacological and nonpharmacologi-
cal agents have been investigated with mixed 
results. In this chapter, we review the clinical evi-
dence on neuroprotective strategies in patients 
undergoing neurosurgical procedures and in neu-
rocritically ill patients (particularly after stroke 
and traumatic brain injury [TBI]). Although there 
has been a plethora of preclinical studies in recent 
years that have examined the neuroprotective 
effects of numerous agents, this chapter focuses 
on therapeutic modalities that have been investi-
gated in human studies.

26.2	 �Perioperative 
Neuroprotection in Patients 
Undergoing Neurological 
Surgery

Patients undergoing neurological surgery are at 
high risk for developing new neurological defi-
cits related to the underlying neurological to dis-
ease as well as procedure-related complications. 
However, there have been few clinical studies 
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that have investigated neuroprotective agents for 
patients undergoing neurological surgery. 
Moreover, because patients undergoing neuro-
logical surgery are vastly heterogeneous in their 
underlying physiology and surgery, most studies 
that have investigated neuroprotective agents 
have been limited to studying specific patient 
populations, surgery types, or specific postopera-
tive complications. Importantly, despite promis-
ing preclinical studies, studies in human patients 
have failed to demonstrate that one single agent 
provides neuroprotection in all patients undergo-
ing neurosurgery.

26.2.1	 �Blockade of Endogenous 
Opioids

Recent clinical studies that have examined the 
neuroprotective effects of various agents in 
patients undergoing neurosurgical procedures 
have followed promising results in animal mod-
els, and have all targeted various components of 
the complex mechanisms thought to play an 
important role in the development of secondary 
brain injury. The release of endogenous opioids 
after an acute neurological event is one such 
mechanism that is thought to propagate second-
ary brain, and preclinical studies have suggested 
that opiate receptor blockade or minimizing 
endogenous opioid release may provide neuro-
protection after neurological injury [4]. A recent 
retrospective study examined the neuroprotective 
effects of the opiate receptor antagonist nalmefene 
after brain surgery complicated by intracranial 
hemorrhage [5]. Although the administration of 
nalmefene was found to be safe, the study failed 
to demonstrate any improvement in short-term 
consciousness or long-term function outcomes. 
A second recent retrospective study investigated 
the neuroprotective effects of remifentanil in 
more than 4500 patients undergoing surgical 
clipping of intracranial aneurysm [6]. Although 
the authors demonstrated a difference in mortal-
ity (4.7 vs. 7.7%) in patients with a ruptured 
aneurysm, they otherwise demonstrated no dif-
ferences in postoperative length of stay, or in the 
postoperative neurological, cardiovascular, or 
pulmonary complications.

26.2.2	 �Propofol

Propofol is commonly used in neurosurgical pro-
cedures because of its effects on reducing cere-
bral metabolism and blood flow, and some studies 
have investigated whether propofol may offer 
neuroprotective advantages over other general 
anesthetic agents [2]. After two randomized con-
trolled trials (RCTs) failed to demonstrate neuro-
protective effects of propofol in patients 
undergoing cardiac surgery [7, 8], a recent RCT 
in 66 patients undergoing open aneurysm clip-
ping failed to demonstrate any improvement in 
postoperative neurological outcomes or cognitive 
function when propofol was administered to 
attain burst suppression [9].

26.2.3	 �Brain Relaxation

The achievement of adequate brain relaxation 
during brain surgery for intracranial tumor resec-
tion is thought to improve surgical exposure and 
improve cerebral perfusion. It is unclear, how-
ever, whether the choice of hyperosmotic agent is 
superior in achieving brain relaxation, or whether 
an improvement in brain relaxation translates to 
improved neurological outcomes after surgery. 
To this end, a recent RCT in 74 patients exam-
ined whether equivolume, equiosmolar solutions 
of mannitol versus hypertonic saline was superior 
in achieving adequate brain relaxation and mini-
mizing postoperative complications. Although 
patients who were administered hypertonic saline 
achieved more brain relaxation compared with 
mannitol, there were no differences between 
groups with regard to postoperative complica-
tions, length of hospital stay, or length of inten-
sive care unit stay.

26.3	 �Traumatic Brain Injury

TBI is a leading cause of morbidity and mortality 
worldwide [10]. Despite a significant reduction 
in TBI-associated deaths over the past decade 
[11], severe TBI results in a poor neurological 
outcome or death in more than 50% of patients 
[12]. Therefore, therapeutic interventions that 
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improve neurological outcomes and reduce mor-
tality after TBI are greatly needed.

The urgent pursuit of neuroprotective agents 
to treat TBI has generated more interest and lit-
erature than perhaps any other area in neuroanes-
thesia and neurocritical care. Currently, treatment 
of acute TBI aims at reducing ICP and maximiz-
ing cerebral perfusion, and agents that target sec-
ondary brain injury have largely failed to 
unequivocally improve outcomes. In the past few 
years, clinical studies that investigated the neuro-
protective effects of dozens of agents after TBI 
have undergone extensive investigation, with 
varying degrees of success. The evidence pro-
vided by these studies were recently reviewed at 
length [3], and the summary of the individual 
studies is shown in Table 26.1. While there were 
no agents that unequivocally improved outcomes 
in all patients, several agents have demonstrated 
possible neuroprotective effects. Importantly, 
however, many of the studies with demonstrated 
positive results were limited by small sample 
sizes or retrospective study designs. In this chap-
ter, we summarize some of the recent studies in 
which agents were shown to demonstrate poten-
tial neuroprotective effects. We also review some 
agents in which conflicting evidence has been 
demonstrated in the literature. Although the fol-
lowing list is not exhaustive, it highlights some of 
the agents in which further investigation is likely 
warranted.

26.3.1	 �Growth Hormone

Growth hormone deficiency is common after TBI 
and is associated with dysfunction in behavior 
and cognition [13]. Moreover, even in the absence 
of growth hormone deficiency, growth hormone 
treatment is thought to play an important role in 
facilitating neuronal recovery after TBI [3]. 
Recently, three studies demonstrated potential 
neuroprotective effects of growth hormone ther-
apy [14–16]. Specifically, these studies demon-
strated that growth hormone treatment resulted in 
improvements in most cognitive functions such 
as attention and executive function [17], improve-
ments in daily living tasks [17], and an improve-
ment in quality of life that was sustained for 

several years [17]. Importantly, patients were not 
randomized in any of these three studies, and the 
studies were limited by a small sample size. 
Moreover, only one of the studies demonstrated 
improvements in cognition and behavior when 
growth hormone was administered in absence of 
growth hormone deficiency. Therefore, while 
these studies suggest a possible neuroprotective 
role of growth hormone replacement therapy 
after TBI, it is unclear who might benefit from its 
use.

26.3.2	 �Statins

Studies in animal models of TBI have suggested 
that statin therapy improves neuronal survival in 
the hippocampus and improves functional out-
comes [18], possibly by inducing neurogenesis 
and angiogenesis after TBI [19]. A recent RCT 
demonstrated 10-day treatment of rosuvastatin 
after TBI was associated with a reduction in dis-
ability score and improved functional outcomes 
compared with placebo-treated patients at 3 and 
6 months post-TBI [20]. Moreover, a second ret-
rospective study showed that statin discontinua-
tion on hospital admission after TBI was 
associated with fourfold higher mortality com-
pared with patients in whom statins were contin-
ued [21]. These recent studies suggest that the 
neuroprotective effects of statins are worth fur-
ther investigation, and larger RCTs are needed to 
identify who might benefit from its use.

26.3.3	 �Marijuana

Preclinical animal studies have demonstrated that 
cannabinoid analogues offer neuroprotection by 
reduction of brain glutamate excitotoxicity, free 
radical damage, and inflammation [22], and may 
improve outcomes after TBI [23]. Moreover, a 
recent retrospective study in humans showed that 
a positive THC screen was associated with a 
decreased incidence of mortality after TBI [24]. 
Although phase I [25] and phase II [26] clinical 
trials suggested that dexanabinol is safe and may 
help improve ICP after TBI, a multicenter phase 
III trial failed to show an improvement in 
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functional outcomes, mortality, ICP, or quality of 
life [27]. As such, despite the neuroprotective 
properties of marijuana demonstrated in animal 
models, it is impossible at this point to draw con-
clusions on whether these properties translate to 
humans with TBI.  Moreover, the timing, dose, 
and route of administration to best exploit these 
properties and improve outcomes are unknown at 
this time.

26.3.4	 �Beta Blockers

In the first few weeks after TBI, it is well known 
that the associated catecholamine surge results in 
cerebral vasoconstriction, brain hypoperfusion, 
resulting in worsening of secondary brain injury 
and multi-organ failure [3, 28]. In recent years, 
some studies have suggested that the administra-
tion of beta blockers may provide neuroprotec-
tion by blocking the catecholamine surge and its 
associated effects after TBI [29]. Moreover, a 
recent retrospective study demonstrated that pre-
TBI treatment with beta blockers may also 
improve survival after severe TBI [30]. 
Importantly, however, the differences in mortal-
ity demonstrated were correlative, the mecha-
nisms of neuroprotection were speculative, and a 
causative link between beta blockade and 
improved survival could be determined. At this 
time, further investigations with clinical trials are 
needed before any specific recommendations can 
be made regarding the use of beta blockers in 
patients with TBI.

26.3.5	 �N-acetyl-L-cysteine

It is well known that N-acetyl-L-cysteine 
(NAC) has antioxidant and anti-inflammatory 
properties, and previous studies have demon-
strated neuroprotective effects of NAC in ani-
mal models of both stroke and TBI [31, 32]. A 
recent RCT [33] suggested that soldiers with 
mild TBI after blast injury had a higher resolu-
tion of TBI-related symptoms within 7 days of 
NAC treatment. These findings suggest a pos-

sible role of NAC in the treatment of mild TBI, 
although it should be pointed out that the study 
had a small sample size (81 patients) and was 
limited to patients with mild TBI after blast 
injury. The neuroprotective effects of NAC 
should be further investigated in larger RCTs 
before recommendations can be made regard-
ing their use.

26.3.6	 �Enzogenol

The neuroprotective effects of enzogenol, a 
pine bark extract that is known to possess anti-
oxidant and anti-inflammatory properties [34], 
were investigated in a recent phase II RCT 
[35]. In the study, 60 patients with cognitive 
dysfunction 3–12 months after mild TBI were 
randomized to receive either enzogenol or pla-
cebo for 6 weeks. The authors demonstrated an 
improvement in cognitive failures and in the 
frequency of self-reported cognitive failures. 
Despite promising results, the study was lim-
ited by a small sample size, and only included 
patients with mild TBI and specific cognitive 
disorders. Therefore, before it is possible to 
draw meaningful conclusions about the neuro-
protective effects of enzogenol at this time, 
larger RCTs in other patient populations are 
needed.

26.3.7	 �Cerebrolysin

Cerebrolysin is a neurotrophic agent that mimics 
the actions of endogenous neurotrophic effects on 
repair after injury, and studies have successfully 
shown that cerebrolysin improves cognitive func-
tion in patients with Alzheimer’s dementia and after 
stroke [36]. A recent phase II pilot RCT demon-
strated that 5  days of cerebrolysin treatment in 
patients with mild TBI resulted in improved cogni-
tion, drawing function, and memory [37]. The study 
did not investigate cerebrolysin’s effects on mortal-
ity, however, and the study was limited by a small 
sample size. However, the demonstrated effects 
warrant further study with larger RCTs.
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26.3.8	 �Nitric Oxide Synthase 
Inhibitor

Nitric oxide (NO) is thought to promote cellular 
injury after TBI by dilating cerebral vessels and 
the contributing to the production of reactive 
nitrogen species [38]. Blockade of the 
NO-mediated pathways has previously been 
shown to decrease ICP and improve outcomes in 
animal models of TBI [39]. A recent RCT dem-
onstrated that treatment with 4-amino-
tetrahydrobiopterin (VAS203) in 32 patients with 
TBI resulted in improvements in functional out-
comes after 6  months [40]. Like cerebrolysin, 
however, the study was limited by a small sample 
size, and the effects on mortality were not stud-
ied. As such, larger future studies are needed.

26.3.9	 �Progesterone

The possible neuroprotective effects of proges-
terone have yielded much interest and scrutiny in 
recent years [41, 42]. Several properties of pro-
gesterone make for a highly attractive agent in 
treating TBI: It rapidly crosses the blood brain 
barrier and has antioxidant, anti-inflammatory, 
and remyelination effects after brain injury [43]. 
After phase I and phase II RCTs demonstrated 
improved outcomes in TBI patients treated with 
progesterone [43–45], the recent larger phase III 
RCTs have failed to replicate the neuroprotective 
effects demonstrated in earlier studies [45, 46]. 
Therefore, until larger RCTs demonstrate which 
patients may benefit from progesterone treatment 
therapy after TBI, progesterone treatment cannot 
be recommended at this time to treat TBI.

26.3.10	 �Ethanol

Ethanol is a well-known inhibitor of glutamate 
receptors, and some studies have suggested that 
ethanol may have neuroprotective effects after 
TBI [47]. However, human studies in TBI patients 
with acute ethanol intoxication, or in patients 
who regularly consume ethanol, have been 

largely inconsistent. While one recent retrospec-
tive study demonstrated that TBI patients with a 
low blood alcohol concentration (BAC) at the 
time of hospital admission was associated with a 
lower 6-month mortality after TBI compared 
with BAC-negative patients [48], more recent 
studies have demonstrated that ethanol intoxica-
tion was an independent predictor for mortality 
[49], was associated with higher complication 
rates [49], and resulted in worse functional out-
comes compared with BAC-negative patients 
after TBI [50]. It should be noted that these recent 
studies were all retrospective in design, and in 
each study, ethanol use was limited to before the 
injury. Therefore, at this time, it is difficult to 
ascertain which patients, if any, may benefit from 
alcohol after TBI. Importantly, designing an RCT 
that examines the neuroprotective effects of etha-
nol would be difficult for ethical reasons.

26.3.11	 �Barbiturates

Elevated ICP is common in patients TBI [51] and 
is associated with worsened secondary brain 
injury and poor outcomes. Barbiturates have long 
been used to treat intracranial hypertension after 
TBI [52], and they are thought to lower ICP by 
reducing cerebral oxygen consumption and 
metabolism and by scavenging free oxygen radi-
cal species [53]. However, because barbiturate 
use in patients after TBI is associated with an 
increased risk in infectious, pulmonary, and car-
diovascular complications [54, 55], indiscrimi-
nate use in TBI patients is not recommended. 
Two recent retrospective studies with barbiturate 
therapy after TBI have yielded conflicting results. 
In the first study, high-dose barbiturate therapy 
resulted in a 69% decrease in ICP, but more 
importantly resulted in significant hemodynamic 
instability and no differences in mortality or 
long-term outcomes [56]. In the second study, 
barbiturate therapy in TBI patients with refrac-
tory intracranial hypertension resulted in 
improved neurological outcomes [57]. At this 
time, it is unclear who might benefit from barbi-
turate therapy after TBI.
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26.3.12	 �Erythropoietin

Studies in animal models of TBI have demon-
strated neuroprotective effects of erythropoie-
tin (Epo) [58], which have been largely 
attributed to its anti-inflammatory and anti-
apoptotic properties. Although early, smaller 
studies that showed that Epo may limit neuro-
logical damage after TBI, improve neurologi-
cal outcomes, and lower mortality [59], more 
recent larger RCTs failed to demonstrate neu-
roprotective effects of Epo [60, 61], and even 
suggested that Epo treatment in TBI patients 
may even increase the incidence of thrombo-
embolic events [60]. Therefore, in light of 
these recent studies, Epo treatment after TBI 
cannot be recommended at this time.

26.4	 �Stroke

Acute stroke is a leading cause of death and dis-
ability worldwide [1], and the Society for 
Neuroscience in Anesthesiology and Critical 
Care (SNACC) has created a task force to pro-
vide expert recommendation on the anesthetic 
management of patients admitted for surgical 
treatment of acute stroke [62]. Providing pharma-
cological and nonpharmacological therapies that 
result in neuroprotection is the primary goal in 
the clinical management of patients after acute 
stroke. However, although approximately 1500 
clinical trials have been included in the Internet 
Stroke Trials Registry, there have been few stud-
ies that have been shown to consistently improve 
outcomes in patients after acute stroke [6]. Recent 
studies have similarly yielded mixed results. 
Here, we will review some of the recent studies 
that have shed some light on potential neuropro-
tective strategies that have been employed to 
improve clinical outcomes after stroke.

26.4.1	 �Magnesium Sulfate

Preclinical animal studies have suggested possible 
neuroprotective properties of magnesium [63]. A 
recent large, phase III RCT (Field Administration 

of Stroke Therapy–Magnesium [FAST MAG] 
study) showed that prehospital administration of 
magnesium therapy was safe when administered 
within 2 h after onset of stroke symptoms, but was 
ineffective in improving disability outcomes at 
90 days after stroke [64]. Therefore, magnesium 
sulfate cannot be recommended at this time in the 
treatment of acute stroke.

26.4.2	 �Progesterone

Despite showing much promise in preclinical 
and early clinical trials, recent phase III RCTs 
have failed to demonstrate any improvement in 
outcomes with progesterone treatment after TBI 
as highlighted above. However, there is a pleth-
ora of evidence that suggests that progesterone 
therapy may have neuroprotective effects for 
other types of brain injury, including stroke, and 
many experts have highlighted whether proges-
terone therapy may play an important neuropro-
tective role after acute stroke [65]. However, the 
neuroprotective effects of progesterone therapy 
in stroke patients are largely unknown at this 
time.

26.4.3	 �General Anesthesia 
Versus Conscious Sedation 
for Clot Evacuation

While intra-arterial therapy is known to improve 
outcomes when initiated in the early time course 
after ischemic stroke, the decision of whether to 
perform this therapy under general anesthesia 
versus conscious is highly variable and largely 
institution and clinician dependent. In a recent, 
large retrospective study that included 348 
patients undergoing intra-arterial therapy for 
treatment of ischemic stroke, patients who 
underwent general anesthesia had significantly 
worsened clinical outcomes compared with 
patients who underwent conscious sedation 
[66]. While the results of this study have impor-
tant clinical implications, it should be pointed 
out that the study was not randomized, which 
introduces many potential important biases 
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[67]. As such, an RCT is urgently needed to 
determine whether these differences in out-
comes are actually related to the type of anes-
thetic, or if the differences can be attributed to 
other confounding variables.

26.4.4	 �Extracorporeal Methods 
of Blood Glutamate Reduction

Recently, there has been much interest in explor-
ing various methods of blood glutamate reduc-
tion, which has been suggested to increase the 
brain-to-blood glutamate efflux and improve 
neurological outcomes across a wide spectrum 
of acute brain insults [68]. Pharmacological 
experimental agents, termed blood glutamate 
scavengers, have been shown to improve out-
comes in animal models of stroke [69], but may 
have unknown side effects in humans. Recently, 
extracorporeal methods of blood glutamate 
reduction, including hemofiltration, have been 
proposed as a safe alternative to pharmacologi-
cal agents [70]. Currently, a phase II, prospec-
tive RCT is underway that is evaluating the 
effects of hemofiltration in the treatment of 
acute stroke [70].

�Conclusions

Providing neuroprotection is the primary goal 
of neuroanesthesia and neurocritical care, and 
the discovery of therapeutic agents that meet 
these goals is urgently needed for patients 
with brain injury. To date, numerous agents 
have been studied across a wide spectrum of 
acute and chronic brain insults, many of which 
we have reviewed in this chapter. Although 
science has yet to identify a specific agent that 
provides neuroprotection in every context and 
patient population, there are several agents 
that have demonstrated promising results that 
should be investigated in future. These prom-
ising results, in combination with the devastat-
ing global impact of brain injury, justify the 
enormous time and costs required to move 
forward in the pursuit of discovering highly 
effective neuroprotective agents.
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Sepsis and Septic Shock

Piero Ceriana

27.1	 �Introduction

The word sepsis derives from the ancient Greek 
language and means “rot” or “putrescence,” car-
rying inside the concept of tissue disruptive 
action of bacteria, a phenomenon that at the time 
of Hippocrates and Galen was considered in 
some cases necessary for subsequent wound 
healing [1]. With the development of new knowl-
edge about germs in the nineteenth century, sep-
sis was reconsidered as a systemic infection, i.e., 
the result of aggression of the body carried by 
microorganisms that, after initial colonization of 
a body site, then diffuse into the bloodstream. 
Now even this concept has been further revised, 
since we know that infection per se is necessary 
but not sufficient to generate sepsis, being this the 
result of the interaction between microorganism 
and host reaction. Another important aspect is 
that sepsis must be viewed in the majority of 
cases as one step of a complex and multiphase 
pathological process that can be elicited even by 
a noninfectious cause.

27.2	 �Epidemiology

Precise data about the real incidence of sepsis are 
lacking, due to inhomogeneous diagnostic crite-
ria, accuracy of filling medical records, and 
absence of centralized systems of data collection 
in many countries. Data from North American 
hospitals indicate that sepsis accounts for about 
2% and 10%, respectively, for hospital and inten-
sive care unit (ICU) admissions, every year. 
Therefore, an estimate of more than 750,000 
cases per year in the United States and 19 million 
all over the world can be considered reasonable, 
albeit probably underestimated [2, 3]. With 
respect to the kind of patient more exposed to the 
risk of developing sepsis, we observe from epide-
miological data that there is a peak of incidence 
in the first year of life, a relatively low incidence 
in adolescents and young adults, then cases 
become progressively more frequent around the 
early 50s, with the highest incidence between 55 
and 65 years of age, with a slight prevalence of 
males over females and of blacks over whites [4]. 
Hospitalized patients are far more at risk for sep-
sis than ambulatory ones, especially after trauma 
or surgical procedure, or when immunosuppres-
sion of any cause and debilitating chronic disease 
is present.
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27.3	 �Terminology and Definition

A great contribution to the definition of sepsis has 
been given in 1991 during the joint meeting 
between the American College of Chest Physicians 
and the Society of Critical Care Medicine [5]. The 
greatest innovation was the introduction of a new 
clinical entity, the systemic inflammatory response 
syndrome (SIRS) that is now adopted and accepted 
by clinicians and researchers as the preliminary 
and early stage of sepsis. This acronym identifies a 
clinical state characterized by the presence of at 
least two of the following findings: fever (body 
temperature > 38 °C) or hypothermia (body tem-
perature  <  36  °C), tachycardia (heart rate  >  90 
beats/min) taking into account defects of cardiac 
conduction or administration of beta-blockers or 
calcium channel blockers, hyperventilation (respi-
ratory rate > 20 breaths/min or PaCO2 < 32 mmHg 
or an expired minute volume  >  10 l/min if the 
patient is mechanically ventilated), and leukocyto-
sis or leucopenia (white blood cells > 12,000 cells/
μLor < 4000 cells/μL). The idea that more than one 
of these criteria should be present for the definition 
of SIRS has recently been questioned [6]: actually 
it was observed in a cohort of over 100,000 patients 
admitted in different ICUs from Australia and New 
Zealand that one out of eight patients with SIRS 
can be overlooked applying the rule of “more than 
two criteria.” Hence this concept should not be con-
sidered too strictly when considering if a patient 

has SIRS or not. Therefore, we can assume that 
SIRS can be considered the result of the activation 
of the innate immune system and at the same time 
a sort of big “umbrella” under which many differ-
ent clinical states can be housed: local or systemic 
infection, but also noninfectious processes such as 
trauma, pancreatitis, or thermal injury.

SIRS is thus the first step of a complex and poten-
tially lethal clinical cascade: the association of SIRS 
and infection is sepsis, severe sepsis is the result of 
sepsis plus acute organ dysfunction, while septic 
shock is considered as a state of sepsis plus arterial 
hypotension (systolic blood pressure < 90 mmHg or 
mean arterial pressure < 60 mmHg or a reduction of 
>40 mmHg compared to baseline) despite adequate 
volume replacement and in absence of any other 
possible cause of hypotension (Fig. 27.1).

27.4	 �Initial Clinical Presentation

Despite the multiple and extremely variable 
causes, sepsis and severe sepsis have a relatively 
uniform pattern of clinical presentation and the 
diagnosis is mainly achieved from the clinical 
observation of the patient, with the necessary 
support from laboratory and microbiological 
data. The triad of fever, tachycardia, and tachy-
pnea must alert the attending physician of a pos-
sible impending SIRS or sepsis: fever is present 
in the majority of cases, unless in very old 

SIRS

SEPSIS = SIRS +
INFECTION

SEVERE SEPSIS =
SEPSIS + ORGAN
DYSFUNCTION

SEPTIC SHOCK = 
SEPSIS +
HYPOTENSIVE
CARDIOVASCULAR
FAILURE

Fig. 27.1  The clinical 
cascade from SIRS to 
septic shock. SIRS – 
systemic inflammatory 
response syndrome
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patients or those under immunosuppressive 
drugs; hypothermia is present in very few cases 
(< 10%) and can be considered a predictive sign 
of poor outcome. Tachycardia is an important 
sign, but must be viewed taking into account 
rhythm pattern and underlying cardiac disease, 
together with the use of drugs potentially inter-
fering with heart rate, while an increased respira-
tory rate is a key and sometimes early warning. 
Besides tachypnea, typical of all patients, hypox-
emia is present in the vast majority of them 
(PaO2/FiO2 < 300), so that oxygen administration 
and mechanical ventilation are, respectively, 
always and very often necessary.

27.5	 �Subsequent Clinical 
Evolution

When the systemic inflammatory reaction trig-
gered by the interaction between the noxious 
agent and the host become widespread, any pos-
sible body site can be involved, and subsequent 
organ failures can ensue. It is a rather shared 
opinion that mortality rate for severe sepsis is 
directly proportional to the number of failing 
organs, going from a death rate of about 15% 
with one failing organ up to 80% with failure of 
five organs; each new organ failure increases the 
risk of death of about 15–20% in a cumulative 
manner. Besides the number of failing organs, the 
criteria of failure severity can be considered 
equally important for prognostic purposes, and 
this can be specific for every involved organ: 
amount of inotropic drugs required to relieve cir-
culatory failure, degree of lactic acidosis, grade 
of acute respiratory distress syndrome (ARDS) 
[7] for lung dysfunction, and creatinine blood 
values for kidney failure. The typical clinical sce-
nario of severe sepsis is a patient with respiratory 
and circulatory failure; then, it is very common 
for hypotensive patients to develop oliguria or 
overt renal failure in cases of persistent shock or 
use of nephrotoxic drugs. During the subsequent 
evolution of severe sepsis, coagulation abnormal-
ities are found very often, ranging from  
low platelet count to intravascular disseminated 

coagulation, as well as signs of liver, brain, and 
bowel failure.

The lung is generally the first organ to be 
involved in SIRS and sepsis, since it receives the 
entire cardiac output and consequently the whole 
amount of the inflammatory and coagulation cas-
cades; the extremely thin alveolar/capillary bar-
rier and the wide vascular area make this organ 
the first-line target of severe sepsis. The respira-
tory involvement in the majority of cases has all 
the features of ARDS, i.e., hypoxemia with bilat-
eral infiltrates whose origin is not secondary to 
heart failure. Alveolar filling with inflammatory 
exudates and capillary clotting are only two of 
the main pathological findings; the functional 
result is worsened oxygenation, increased airway 
resistance, and decreased compliance with over-
all increased respiratory load. The coexistence of 
hypotension and circulatory failure decreases 
blood flow to the respiratory muscles with conse-
quent ventilatory pump failure and need for arti-
ficial respiratory support. Besides conventional 
diagnostic tools for the diagnosis and monitoring 
of lung involvement (chest X ray, oxymetry and 
arterial blood gas analysis), the use of lung ultra-
sound is at present a well-recognized and reliable 
noninvasive tool [8].

The cardiovascular system is involved in the 
majority of patients suffering from severe sepsis 
and in all patients with septic shock. The typical 
circulatory profile includes hypotension, reduced 
central venous and capillary wedge pressure, and 
these are generally the consequences of increased 
vascular permeability with interstitial fluid shift, 
together with reduced intake and increased loss 
(sweating, fever, tachypnea, vomiting etc.). 
Cardiac output is typically normal or increased 
together with low systemic vascular resistance; 
however, due to the possible myocardial depres-
sant effect of circulating toxins, it is not uncom-
mon to find a picture with low cardiac output and 
high filling pressure, or simply a flattened cardiac 
performance/filling pressure slope after optimal 
fluid replacement, indicating limited cardiac 
reserve. The initial assessment of the patient with 
septic shock is based on optimal fluid administra-
tion, even 4–6  l of crystalloids within the first 
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hours and choice of optimal vasopressors, gener-
ally norepinephrine for maintenance of systemic 
vascular resistance and tissue perfusion and 
dobutamine when an inotropic agent is required. 
In order to maintain adequate oxygen delivery 
and to avoid excessive hemodilution, transfusion 
of packed red blood cells must be considered in 
order to maintain hemoglobin concentration in 
the range between 7 and 9 g/dl.

Renal function during severe sepsis shows a 
variable degree of impairment; oliguria and 
rise of blood creatinine up to 2.5–3  mg/dl is 
quite common and generally treated in a con-
servative manner with fluid expansion and 
judicious use of diuretics. The protective use 
of low-dose dopamine lacks strong clinical 
evidence and is rarely used. The avoidance of 
nephrotoxic agents and drugs is mandatory, 
together with the maintenance of adequate 
blood volume and perfusion pressure. Renal 
replacement therapy can be applied through 
different techniques and is strictly necessary 
only in a minority of cases and for a limited 
period of time, with restoration of normal kid-
ney function in almost all survivors, even if 
this is strongly influenced by previous renal 
function, being patients with diabetes and mul-
tisite atherosclerotic vascular disease at 
increased risk to need long-term dialysis.

The dysfunction of the central nervous sys-
tem becomes evident as a state of obtundation; it 
is not generally an early sign of severe sepsis, 
since in most cases it arises at a later stage and 
its recognition is sometimes hampered by the 
contemporary use of sedatives. Sepsis is a risk 
factor for the development of delirium, a form of 
brain dysfunction that affects up to 70% of 
patients admitted in ICU and responsible for an 
increased morbidity, mortality, and subsequent 
institutionalization [9]. In recent years the prob-
lem of long-term sequelae after ICU discharge 
has received increasing attention and a signifi-
cant degree of neurocognitive deterioration 
among survivors of severe sepsis has been 
observed [10]. Sepsis and long stay in ICU is 
also a risk factor for the development of critical 

illness neuropathy and myopathy [11], a condi-
tion affecting both sensory and motor peripheral 
nervous fibers with the possible generation of a 
state of quadriplegia with the subsequent need 
for prolonged rehabilitative treatments.

The bowel and the liver generally display signs 
of failure during severe sepsis. Hypotension and 
reduced visceral perfusion impair gastrointestinal 
motility with the subsequent development of ileus; 
furthermore, bowel ischemia is sometimes respon-
sible for gastrointestinal bleeding, facilitated by 
the frequent withholding of enteral feeding with 
consequent lack of the trophic effect of enteral for-
mulas on the gut mucosa. Great emphasis has been 
given in the last years to a possible active role of 
the gut in the generation and amplification of sep-
sis due to migration of bacteria from the enteral 
lumen to the bloodstream, through a mechanism 
of translocation to the portal circulation facilitated 
by gut ischemia and increased epithelial permea-
bility with consequent leakage across the loose 
cellular junctions. An increase in blood levels of 
bilirubin and transaminases is the sign of liver 
damage occurring during septic shock and low 
splanchnic perfusion.

Metabolic acidosis and coagulation disorders 
are frequently seen during septic shock; elevated 
lactate blood levels can be considered as the 
expression of anaerobic metabolism secondary to 
low peripheral oxygen delivery or inadequate tis-
sue oxygen extraction due to cellular dysfunction 
at the mitochondrial level. In Fig. 27.2 there is a 
simple description of the pathogenetic mecha-
nisms underlying the development of organ and 
cellular failure during sepsis and septic shock. 
Other endocrinological abnormalities include 
hyperglycemia, adrenal dysfunction, and euthy-
roid sick syndrome. Mild coagulation abnormali-
ties are very common, since almost all patients 
display low levels of clotting and anticlotting 
proteins, low platelet count, elevated clotting 
degradation products and d-dimer, and prolonga-
tion of prothrombin time. In most severe cases, 
full-blown disseminated intravascular coagula-
tion is a rare but possible complication of septic 
shock.
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27.6	 �Pathogenesis of Sepsis

Bacteria most commonly responsible for sepsis 
are almost equally represented among gram-
negative and gram-positive strains; Klebsiella, 
Escherichia coli, and Pseudomonas are the most 
represented in the former group while 
Streptococci and Staphylococci among gram-
negative ones. Emerging new strains character-
ized by multiple antibiotic resistance and 
responsible for particularly severe cases are 
Klebsiella pneumoniae carbapemenase-
producing (KPC), Acinetobacter baumannii and 
vancomycin-resistant Enterococcus. Fungi, 

mainly Candida, account for no more than 
5–10% of the cases, especially in immunocom-
promised patients and those with longer ICU 
stay. Viruses can be also involved, alone or 
superimposed on bacterial infections, but pre-
cise data are lacking for the intrinsic limitations 
of diagnostic techniques. Infection can be origi-
nated in any possible body site, on a theoretical 
basis, but sites most commonly involved are the 
lungs in about 50% of cases, the abdomen in 
20–25% of cases, the urinary tract in about 
10–15% of cases, and the remaining 10–20% in 
other body sites (skin, subcutaneous tissue, 
bones, etc.).

Increased

permeability and 

edema formation

Mitochondrial

damage and

impaired oxygen

utilization  

IMPAIRED

TISSUE

OXYGENATION  

Hypotension

Microvascular

thrombosis

Decreased

erythrocyte

deformability

Endothelial

dysfunction

Hypoperfusion

Fig. 27.2  Mechanism of development of tissue damage and organ dysfunction
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As already stated, microorganisms alone can-
not be entirely responsible for sepsis, since the 
host response plays a pivotal role. The classical 
view of the inflammatory cascade developing at 
sequential steps with great emphasis on cyto-
kines like tumor necrosis factor (TNF) and inter-
leukin-1 (IL-1) has been widely revised; besides, 
it is now clear how immune system is not the 
only effector, since the coagulation system as 
well plays a fundamental role in the evolution of 
sepsis.

Interaction between microorganisms and the 
innate immune system is the preliminary step: 
parts of bacterial cell wall (pathogen-associated 
molecular patterns) react with specific molecules 
located on the surface of immune cells (pattern 
recognition receptors) called toll-like receptors; 
the following step is the activation of intracellular 
transcription factors and signaling pathways 
leading to the activation of immune response 
genes and generation of circulating mediators 
[12]. Pathogen-associated molecular patterns 
include endotoxins, peptidoglycan lipopeptides, 
lipoteichoic acid, and so on. Lipopolysaccharide 
is the endotoxin present on gram-negative bacte-
rial cell wall and binds specifically to toll-like 
receptor 4 located on the surface of innate 
immune cells; this attachment and the subsequent 
intracellular activation of the second messengers 
and transcription factors requires the contempo-
rary action of protein CD14 that facilitates both 
receptor binding and intracellular transport. On 
the other hand, gram-positive bacteria can gener-
ate sepsis through a mechanism similar to that of 
gram-negative strains, when some cell wall struc-
tures (lipopeptides, peptidoglycans, and lipotei-
choic acid) interact with the specific toll-like 
receptor 2, or when they produce exotoxins that 
bind to major histocompatibility complex (MHC) 
class II molecules and to T-cell receptors with the 
subsequent generation of pro-inflammatory 
cytokines.

The variable clinical picture of sepsis accord-
ing to the strain of bacteria involved and the body 
site of infection is also dependent on the different 
expression and generation of inflammatory cyto-
kines. This complex microorganism–host inter-
action, together with the specific binding of 

certain pathogen-associated molecular pattern to 
specific toll-like receptors, supports the concept 
that the immune response will be different 
according to the specific bacterial biochemical 
composition and that also the different distribu-
tion and pattern of expression of toll-like recep-
tors on different tissues and organs could be 
responsible for a greater or lesser susceptibility 
of the organ itself to the effects of microorganism 
aggression.

Global dysfunction of the coagulation system 
is an integral part of sepsis, with the coexistence 
of both impaired thrombolysis and enhanced 
coagulation. Expression of tissue factor, a glyco-
protein present on different cell types, stimulates 
clotting factors V and VIII and leads to the 
enhanced production of thrombin, while natural 
anticlotting proteins (protein C, protein S, and 
antithrombin) try to counterbalance this increased 
clotting process. However, due to the impaired 
conversion of inactive anticlotting precursors to 
functioning proteins, this coagulation balance is 
shifted toward increased clotting also because the 
fibrinolytic system is impaired. Therefore, a 
complex interplay between dysregulated inflam-
mation and coagulation abnormalities is at the 
base of the pathogenesis and development of sep-
sis; the link between these two systems are the 
G-protein-coupled receptors called protease-
activated receptors (PARs) [13]. Among the four 
known subtypes, PAR1 appears to be involved in 
the mechanism of sepsis, since it can show cyto-
protective actions when stimulated by protein C 
or cause damage to the endothelial barrier when 
stimulated by excessive thrombin.

27.7	 �Treatment of Sepsis 
and Septic Shock

The main pillars of sepsis and septic shock treat-
ment are cardiovascular and respiratory support, 
plus early treatment of underlying infection. 
Almost equal importance must be paid to sup-
port kidney failure even with depurative tech-
niques, to nutrition and glucose control, and to 
therapies targeted to blunt the inflammatory and 
coagulation cascades. A great contribution to the 
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generation of shared and evidence-based proto-
cols for the treatment of sepsis has been given by 
the Surviving Sepsis Campaign [14], a panel of 
scientific societies involved in the field of critical 
care and emergency medicine and infectious 
diseases.

Respiratory support is based on the use of 
invasive mechanical ventilation, since rarely con-
ventional oxygen therapy or noninvasive mechan-
ical ventilation can be sufficient to reverse 
hypoxemia and impending hypercapnic respira-
tory failure. Being ARDS the most frequent pic-
ture of respiratory involvement during sepsis, it 
should be advisable to start with a tidal volume of 
about 5–7  ml/Kg of ideal body weight with an 
inspired oxygen fraction (FiO2) sufficient to 
achieve an acceptable oxygen saturation (gener-
ally between 40 and 70%) and a value of positive 
end expiratory pressure in the range 
8–10  cmH2O.  Most severe cases, generally 
sepsis-induced ARDS, may require pronation 
maneuvers, protecting ventilatory strategy with 
low tidal volume (maintaining the inspiratory 
plateau pressure below 30  cmH20), in order to 
minimize alveolar stretching and ventilation-
induced biotrauma [15] and a conservative fluid 
strategy if peripheral perfusion defects are absent. 
Additional prescriptions should be the elevation 
of the head of the bed, the avoidance of neuro-
muscular blockers (unless for a very short 
course), and the use of targeted and daily inter-
rupted sedation and weaning protocols, once the 
patient meets the requirement for a spontaneous 
breathing trial.

Support of the circulation requires an early 
(within the first 6  h) and aggressive volume 
replacement. The clinical and scientific debate 
about the optimal kind of infusing solution (crys-
talloids or colloids) lasted for many years, and at 
present, given for accepted that both kinds of 
solutions lack the advantage to be confined inside 
the intravascular compartment, crystalloids are 
the preferred choice, for reasons of reduced aller-
gic reactions and costs, with the possible addition 
of albumin when relevant amounts of crystalloids 
are needed. Precise directions about the amount 
of fluids required cannot be stated, since this fig-
ure is the result of clinical and instrumental mon-

itoring and underlying cause of sepsis, but 
generally the average septic patient can receive 
up to 4–6 l of crystalloids in the first 6–12 h or 
anyway until the achievement of hemodynamic 
improvement. Possible transfusion of packed red 
cells can be considered in order to maintain a 
hemoglobin value between 7 and 9 g/dl, or even 
higher if the patient has coronary heart disease. 
Once adequate volume replacement has been car-
ried out, a vasopressor agent, generally norepi-
nephrine, can be added in order to maintain an 
adequate blood pressure, while the infusion of an 
inotropic agent, generally dobutamine, is started 
in cases of concomitant myocardial dysfunction. 
With respect to the definition of “adequate vol-
ume replacement” or “adequate perfusion,” a 
range of central venous pressure between 8 and 
12 mmHg of mean arterial pressure > 65 mmHg, 
a urine output >0.5 ml/Kg/h, and a central venous 
(superior vena cava) oxygen saturation  >  70% 
can be considered. The gold standard for hemo-
dynamic monitoring has for a long time been 
considered the pulmonary artery thermodilution 
Swan-Ganz catheter, still widely used even with 
the option of continuous SvO2 monitoring, but 
this practice is anyway widely influenced by 
local and individual preference and practice. The 
use of ultrasound is rapidly growing for the ease 
of use, bedside performance, and repeatability, 
since the simultaneous view of ventricular motion 
and inferior vena cava diameter can give a rea-
sonable estimate of myocardial dysfunction and 
volume status.

As far as the treatment of infection is con-
cerned, this should also be started as early as pos-
sible, always within the first hour after diagnosis 
of severe sepsis or septic shock and after the per-
formance of blood cultures and imaging studies 
in order to understand the possible source of 
infection. Antibiotic infusion should be done in 
parallel with the surgical treatment of a possible 
localized site of infection (wound, abscess, intra-
vascular infected device, etc.), and an agent with 
a spectrum as broad as possible and targeted to 
the possible agents involved according to the pos-
sible site and to the patient provenience (commu-
nity, hospital, nursing home, etc.) should be 
chosen. A reasonable first-line empiric antibiotic 
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choice could be the association of a third-
generation cephalosporin plus a quinolone or 
aminoglycoside if a pulmonary or intra-abdominal 
infection is suspected, while in case of presence 
of intravascular infected device or meningeal 
infection the use of vancomycin should be con-
sidered and when there is the possible presence 
of anaerobic microorganisms, metronidazole or 
clindamycin should be added. Use of antifungal 
agents should be used empirically only in patients 
at high risk of fungal infections (prolonged hos-
pital stay, immunosuppressed, post-surgical, 
etc.). Re-assessment of antimicrobial therapy 
must be done as soon as the blood results and 
imaging studies give more data about the origin 
of infection, in order to change therapy accord-
ingly, switching from the initial empiric treat-
ment to a more targeted one. Length of treatment 
is guided by clinical and laboratory data, since in 
recent years great consideration has been given to 
blood values of procalcitonin as a tool to guide 
antibiotic treatment duration [16].

Transient kidney failure is quite common dur-
ing sepsis and septic shock, with reduction of 
urine output and increase of creatinine; the most 
important protective measures are adequate blood 
volume restoration and maintenance of adequate 
perfusion pressure with vasopressors, and avoid-
ance of nephrotoxic drugs. Use of low-dose 
dopamine in order to increase renal blood flow 
has never shown a definite advantage and is not 
among the suggested therapies, as well as the use 
of diuretics in the oliguric phase, at least on a 
routine basis. When indicated, extracorporeal 
depurative treatments must be carried out, either 
under the form of intermittent hemodialysis or 
continuous hemofiltration. Tight glycemic con-
trol is advisable, since hyperglycemia can exert 
adverse effects on neutrophil function, can influ-
ence blood coagulation with increased clotting 
formation, and can be a risk factor for the subse-
quent development of the critical illness polyneu-
ropathy. If blood glucose levels are repeatedly 
above 180  mg/dl, insulin therapy should be 
started, preferably as a continuous infusion. 
Prophylaxis against stress-ulcers with H2 block-
ers or proton pump inhibitors and deep vein 
thrombosis should be carried out, preferably with 

low-dose unfractioned heparin, due to the unpre-
dictable half-life of low-molecular weight hepa-
rin in case of renal failure. Bicarbonate infusion 
should not be used in order to increase blood pH 
in case of acidemia with increased lactate levels 
due to hypoperfusion. As far as the nutritional 
support is concerned, the current and reasonable 
practice is to prefer the enteral route, mainly for 
the beneficial effects on gut mucosal trophism, to 
start nutrition once hemodynamic stability has 
been achieved (1–2 days after the onset of septic 
shock), and to switch to the parenteral route only 
in cases of prolonged bowel dysfunction with 
depressed motility. With respect to therapies with 
a potential impact on the inflammatory and coag-
ulation cascade, the use of steroids can be recom-
mended in cases of septic shock if hypotension 
responds poorly to fluid replacement and vasoac-
tive drugs, choosing hydrocortisone at a dose of 
200–250 mg/day for up to 7 days or until hemo-
dynamic stability. In cases of sepsis without 
shock, the use of hydrocortisone should be lim-
ited to those patients with adrenal insufficiency 
documented or strongly suspected. The use of 
human recombinant activated protein C is one of 
the most promising advances in the treatment of 
septic shock in the last years; it can modulate the 
coagulation cascade and the complex interplay 
between coagulation and inflammation mainly 
stimulating the protease-activated receptors 1 
(PAR1). It should be administered by continuous 
infusion for 96 h at a dose of 24 μg/Kg of body 
weight. Due to the increased bleeding risk with 
its use, activated protein C should be avoided in 
patients with low platelet count (<30,000 plate-
lets/mm3), recent trauma or surgery, or active 
bleeding. After initial enthusiasm due to the 
promising data on reduced mortality (20% of 
cases) [17] especially in most severe patients 
(shock with two or more failing organs), recent 
data failed to show a reduction in the early 
(28 days) and late (90 days) mortality in patients 
with septic shock treated with activated protein C 
compared to those treated with placebo [18].

Besides the overall approach to the septic 
patient with the peculiarities of single organ sup-
port mentioned above, the most important innova-
tion in the treatment of sepsis of the last few years 
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has been the introduction of “bundles” of care, i.e. 
[14] a group of evidence-based diagnostic and 
therapeutic measures that, carried out together 
and within a limited timeframe, are far more 
effective than the same interventions performed 
individually and without a tight time constraint. 
The whole series of interventions to be carried out 
in cases of sepsis are organized into two bundles: 
an initial bundle to be applied within the first 6 h 
after patient admission and including six items: 
(1) early recognition of sepsis also based on the 
presence of SIRS criteria, (2) obtainment of blood 
cultures and early start of IV antibiotic therapy, 
(3) aggressive treatment of hypotension with 
crystalloids, (4) use of vasopressors in cases not 
responding to volume replacement, (5) monitor-
ing central venous pressure (CVP) and venous 
oxygen saturation (SvO2) in order to achieve the 
goal of a CVP > 8 mmHg and an SvO2 > 70% and 
(6) consider the use of inotropes in case of low 
cardiac output and packed red blood cells in case 
of low hematocrit. The second bundle of treat-
ments is put in practice after the admission of the 
patient to the ICU: ventilation with lung protec-
tive strategy in cases of ARDS, monitoring and 
support of organ function, avoidance of complica-
tions, possible use of steroids, tight glycemic con-
trol, and de-escalation of initial broad-spectrum 
antibiotic therapy. The application of the first 
bundle of care, generally applied in the emer-
gency department, received the name of “early 
goal-directed therapy” (EGDT) since the protocol 
included the insertion of a central venous catheter 
for monitoring of CVP and SvO2, whose values 
acted as a guide for the administration of fluids, 
inotropes, vasopressors, packed red cells in order 
to achieve predefined hemodynamic targets. In 
2001, it was reported [19] that septic patients 
treated according to the EGDT had a lower mor-
tality rate compared to patients treated with usual 
care (30.5% vs 46.5%).

The “bundles” approach to the patient with 
septic shock turned out to be, on a theoretical 
basis, of great educational relevance for the staff 
working in emergency departments and ICU, 
generating the drive for an increased adherence 
to these procedures [20]. However, despite its 
sound clinical basis, this protocol has not received 

a uniform and widespread application and, in the 
last decade, some concern has been raised about 
the EGDT, arguing that maybe not all the ele-
ments of the protocol are strictly needed, espe-
cially central venous catheterization, since the 
same information can be gathered with less inva-
sive means, like lactate level measurement [21]. 
The hypothesis of the nonsuperiority of the 
EGDT over usual care has been confirmed in two 
recent trials [22, 23].

Despite these unexpected results, most clini-
cians remain convinced of the validity of the 
bundles methodology and, in the attempt to sim-
plify the initial sepsis approach, a modified pro-
tocol has been proposed, called the “sepsis six,” 
based on three diagnostic steps and three thera-
peutic actions (Fig. 27.3). These actions are to be 
put in place within the first hour of clinical recog-
nition and have already been adopted by many 
centers with promising results [24].

�Conclusion

Laboratory research over the past 30 years has 
made several attempts to develop new strate-
gies to treat sepsis and septic shock, investigat-
ing drugs potentially interfering with the 
activated inflammatory system: TNF antibodies 
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Fig. 27.3  The “sepsis six” bundle, including three diag-
nostic and three therapeutic steps to be performed within 
the first hour
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and receptor antagonists, anti-endotoxins 
drugs, interleukin-1 antagonists, and antioxi-
dant molecules. Despite the great expectations 
on this research area, results were disappoint-
ing and none of the studied drugs reached clini-
cal approval. More interest and potential 
usefulness was attributed to the human recom-
binant activated protein C, that at the beginning 
of the twenty-first century seemed a drug with 
the potential to modify the clinical story of sep-
tic shock, but unfortunately results have been 
disappointing and it was withdrawn from the 
market. In terms of sepsis treatment, the most 
significant innovation of the last years, there-
fore, is still the introduction of the bundles of 
care, although this is only an advancement in 
the area of clinical organization and patient 
approach, and not a real therapeutic innovation. 
More knowledge has been gained about the 
interaction between bacteria and host cells 
through specific receptors and about the clarifi-
cation of the role of intracellular second 
messengers in the activation of immune 
response genes. It is likely that future develop-
ments will bring advancements in the process 
of stratification of patients’ severity with the 
use of blood biomarkers and in casting new 
insights on genomic aspects of sepsis, includ-
ing studies on gene polymorphisms with differ-
ent susceptibility to sepsis and on personalized 
immunomodulatory treatments.
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