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When a person dies, his deeds are cut off except for three: Continuing charity, 
knowledge that others benefited from, and a righteous son who supplicates for 
him.—Prophet Mohammad

Aneurysmal subarachnoid hemorrhage (aSAH) is considered one of the 
most devastating neurosurgical emergencies affecting healthy individuals in 
the most productive stage of their life. Less than 16% of patients will return 
to their premorbid status.

This book is designed by the authors to be a comprehensive description of 
aneurysmal subarachnoid hemorrhage. The book discusses different workup 
modalities, investigations, and both pharmacological and interventional 
approaches to managing this condition.

The fourteen chapters cover the fundamentals of aSAH and relevant 
patient-related information. The initial section/part of this book consists of an 
overview of relevant vascular anatomy, neurophysiology, and neuroprotec-
tion. Acquisition of this knowledge is the keystone for the rational practice of 
clinical neurosurgery.

Early chapters then focus on diagnosis including history, clinical examina-
tion, and various radiological modalities. A very useful chapter discusses the 
grading of aSAH, exploring the different scoring systems used to assess the 
severity and to predict complications from this condition. Subsequent chap-
ters cover perioperative management, including the different techniques 
employed to secure cerebral aneurysms, as well as neurological and non- 
neurological complications. Critical care management is also discussed in 
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detail. The final chapters cover traumatic subarachnoid hemorrhage, brain 
death, and ethics.

In summary, I strongly recommend this superb book to all medical stu-
dents, residents, specialists, and fellows of emergency medicine, neurology, 
neurosurgery, neuroanesthesia, internal medicine, intensive care, and trauma.

The authors’ broad training in basic science and their extensive clinical 
experience provide them with a unique background enabling them to develop 
invaluable insights in this subject. They have been successful in presenting 
the vast expanse of basic and clinical knowledge necessary for the manage-
ment of aSAH in the twenty-first century, in a coherent manner.

Undoubtedly, all will enjoy reading this book. I would like to congratulate 
all of the authors and editors for their efforts in producing this book.

I dedicate this book to my father’s immaculate soul and my mother, both 
of whom have taught me over the years and gave me the opportunity to 
succeed.

I am very much thankful to my wife and my kids for their patience, con-
tinuous support, and encouragement while writing this book.

Doha, Qatar Adel E. Ahmed Ganaw   
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Aneurysmal subarachnoid hemorrhage (aSAH) is a dreaded disease, which is 
a challenge to manage and requires a multidisciplinary team approach for 
better patient outcome. The authors have been taking care of these patients 
for more than two decades and are up-to-date with the developments in the 
field from diagnosis with improved imaging to the endovascular management 
of aSAH patients; hence we decided to write this book.

This book includes chapters from applied anatomy to updated manage-
ment of aSAH and its complications written in a simple scientific language, 
which will be equally beneficial to specialists, fellows, residents, students, 
and paramedical staff in neurology, neurosurgery, anesthesiology, and inten-
sive care department involved in the management of aSAH.

We are certain that the reader will find this book useful and interesting. 
Also the book will provide a comprehensive updated knowledge about aSAH 
as chapters have been written by a team of multidisciplinary experts in inten-
sive care, neurosurgery, neurology, and anesthesiology from a reputed ter-
tiary care university hospital.

I am thankful to my fellow editors, authors, and colleagues as well as to 
my wife Dr. Firdous and daughters Dr. Amara and Jaza for their patience, 
constant support, and encouragement to write this book.

Doha, Qatar Nissar Shaikh   
May 19, 2021
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We strongly believe that sharing knowledge is beneficial for humanity and so 
we are thrilled to introduce our new book titled Management of Subarachnoid 
Hemorrhage.

As you discover the exciting world of anesthesiology and critical care 
management, we hope that you will find our book up to date in the manage-
ment of subarachnoid hemorrhage during your studies and practice.

We have used our experience and feedback from multiple delegates to 
guide the creation of this book. I am extremely proud to have welcomed con-
tributions from colleagues around the world who are among the highest- 
ranked physicians and researchers in the field of subarachnoid hemorrhage. 
The content of this book is the result of a mixture of compiled clinical experi-
ence, author opinion, allied expert opinion, best practice guidance, and up-to- 
date evidence base as practiced in modern medicine as on the date of 
publication of this book.

While every effort has been made to provide accurate and up-to-date infor-
mation, which is in accord with accepted standards and practice at the time of 
publication, nevertheless, the authors, editors, and publishers would like to 
caution the reader that medical practice keeps changing and therefore we can-
not make any warranties that the information contained herein is totally free 
from error.
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This volume is intended to be a practical book, not just to be read and 
placed on a shelf, but hopefully one that will be taken into the workplace and 
used as an aid during clinical practice.

Hopefully, all will read this book with pleasure. I congratulate every 
author for the effort they have put in and the other editors, especially Dr. 
Adel E. Ahmed Ganaw, for their patience and endurance.

I would like to dedicate this book to my father and my mother who have 
taught me over the years and given me the opportunity to succeed and to my 
wife for her support and my children for their smiles, which keep me going.

Doha, Qatar Nabil A. Shallik   
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Aneurysmal Subarachnoid 
Haemorrhage: Epidemiology, 
Aetiology, and Pathophysiology

Nissar Shaikh, Arshad Chanda, Shoaib Nawaz, 
Alisha Alkubaisi, Abdulnasser Alyafei, 
Adel E. Ahmed Ganaw, 
and Mohammad Faisal Malmstrom

1.1  Introduction 
and Epidemiology

The aneurysmal subarachnoid haemorrhage 
(aSAH) accounts for 5% of all strokes. 85% of 
the spontaneous subarachnoid haemorrhages are 
due to rupture of the cerebral aneurysm hence 
termed as aneurysmal subarachnoid haemor-
rhage (aSAH). Worldwide, the overall incidence 
of aneurysmal subarachnoid haemorrhage 
(aSAH) shows a decreasing trend. Globally, the 
incidence of aSAH decreased from 
10.2/100,000  in the 1980s to the 6.1/100,000 
population in 2010. Furthermore, the incidence 
of aSAH varies according to geographic location. 

(Fig.  1.1). In Australia and New Zealand, the 
incidence is 7.4/100,000, in the United States of 
America 6.9/100,000, in Central America 
5.1/100,000, in Asia except Japan 3.7/100,000 
while in Qatar is 2.3/100,000. The lowest rate of 
aSAH is reported in China, 2.2/100,000 popula-
tion, whereas the highest rates are reported from 
Japan and Finland 28 and 37/100,000 population 
respectively. These low and higher incidences of 
aSAH may be related to the higher age of sur-
vival and genetic aetiology [1, 2].

At a younger age, the aSAH is common in 
males, while in the elderly population, females 
have a higher incidence of aSAH [1, 2]. There is 
an increase in the chances of cerebral aneurysm 
bleeding by 1.03 folds with each year increase in 
age after the age of 35 years.

Despite improvement in diagnosis, medical 
and surgical management of stroke patients, 
aSAH ends up with significantly higher mortal-
ity, morbidity, and disease burden. The mortality 
is approximately 40% in 30 days, and the func-
tional outcome is less than 25% in survivors [1].

A variant of SAH is the perimesencephalic 
SAH (PMSAH) is defined by the absence of an 
aneurysmatic bleeding and blood’s classic pres-
ence within the perimesencephalic and prepon-
tine cisterns. Computed tomography angiogram 
(CTA) and magnetic resonance angiography 
(MRA) have high sensitivity of excluding aneu-
rysmal bleedings in PMSAH. PMSAH has fewer 
complications and a better prognosis than aneu-
rysmal SAH [3].
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1.2  Aetiology and Risk Factors 
for aSAH

There are many clinically diverse aetiological 
factors and associated diseases in developing a 
cerebral aneurysm and their rupture, causing 
aSAH.  The aetiologies and associated disease 
conditions are listed in Table 1.1.

The modifiable risk factors in the develop-
ment and rupture of cerebral aneurysms, such as 
hypertension, smoking, alcohol abuse, dyscho-
lesterolemia recreational drug abuse, and low 
body mass index. Whereas the non-modifiable 
risk factors for increased aSAH are gender, famil-
ial, and connective tissue disorders.

1.2.1  Modifiable Risk Factors 
for Aneurysmal Subarachnoid 
Haemorrhage (aSAH)

1.2.1.1  Cigarette Smoking
It is a significant modifiable risk for aSAH and 
remains one of the important preventable causes 
for aSAH. It is attributed to the formation, pro-
gression, and rupture of cerebral aneurysms. 
Approximately 29% of the attributable risk of 
aSAH is due to smoking, and its cessation 

decreases its risk. The risk is higher in current 
smokers than the ex-smokers. The fundamental 
mechanisms by which cigarette smoking causes 

Incidence of SAH

2.2/100000

3.7/100000

5.1/100000

7.4/100000

6.9/100000

28/100000

37/100000

Fig. 1.1 Incidence of aSAH varies according to geographic location (courtesy of Dr. Arshad Chanda)

Table 1.1 Aetiological factors and Diseases associated 
with cerebral aneurysm and SAH [3]

Infectious arterial 
vasculitis

Mycotic (infectious) 
aneurysm
Meningovascular lues
Lyme disease
Gnathostomiasis 
(Gnathostoma spinigerum)

Immune vasculitis Primary CNS angiitis
Polyarteritis nodosa
Wegener’s vasculitis
Churg-Strauss syndrome
Behçet’s disease

Other cerebrovascular 
diseases

Arteriovenous angioma
Dural arteriovenous fistula
Spinal arterial aneurysm
Intracranial arterial 
dissection
Venous sinus thrombosis
Cerebral amyloid angiopathy
Moyamoya disease

Tumour Intracranial and intraspinal 
tumour

Haematology Sickle cell anaemia
Drugs Anticoagulants and 

thrombolytic therapy
Substance abuse Cocaine and amphetamine

N. Shaikh et al.
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vascular dysfunction and the formation of the 
cerebral aneurysm are unclear. Cigarette smoke 
is a mixture of more than 4000 chemicals [4]. 
These chemical generates excess reactive oxygen 
species, increase oxidative stress on the vascular 
smooth muscle cell. They also cause an alteration 
in the inflammatory pathways and the cerebral 
immune system, thus resulting in direct vascular 
injury, endothelial dysfunction, and production 
of reactive oxygen species. These changes result 
in vascular smooth cell injury [5].

Smoking is associated with a younger age of 
rupture of cerebral aneurysms. Paradoxically 
cigarette smoking was associated with better out-
comes on many measures, reduced poor out-
comes in poor-grade patients. The recent 
literature shows that nicotine replacement ther-
apy among smokers with aSAH was associated 
with better outcomes [4, 6]. There is a strong cor-
relation between smoking and hypertension 
which considered as a second most common risk 
factor of SAH.

1.2.1.2  Hypertension
Hypertension (HTN) is the second most common 
preventable cause of aSAH.  Hypertensive 
patients have a nearly seven-fold higher risk of 
aSAH.  The cerebral aneurysm secondary to 
hypertension occurs mainly (90%) in the anterior 
circulation, in constant positions like anterior 
communicating, internal carotid, and middle 
cerebral arteries. Only 10% of aneurysms seen in 
the posterior circulation in hypertensives.

The main three mechanisms by which hyper-
tension causes aneurysm formation and rupture 
are (a). Occlusion of vasa vasorum (b). 
Endothelial damage, causing endothelial dys-
function and smooth muscle phenotypic changes 
(c). Elevations in wall shear stress for prolonged 
duration results in elastin and collagen synthesis 
abnormalities in the vascular smooth muscles 
and setting in of the inflammatory response and 
release of the matrix metalloproteinases, which 
degrades collagen and elastin. Once the aneu-
rysm is formed, low wall shear stress due to intra- 
aneurysmal recirculation will promote 
inflammation and growth in the aneurysm’s size. 
In combination with these three mechanisms, 
hypertension increases the hemodynamic stress 

on the cerebral arteries, contributing to the 
increased formation and rupture of cerebral aneu-
rysms. This is seen mostly at the branching points 
where the blood flow is turbulent and develops 
high shear stress. If the vessels are hypoplastic, 
branching at sharper angles or taking complex 
curvatures may further increase hemodynamic 
stress. A disruption in the balance between hemo-
dynamic stresses and vascular wall strength 
causes rupture of the aneurysm [7–9].

1.2.1.3  Alcohol Consumption
It is another modifiable risk factor for 
aSAH.  There is a dose-dependent relationship 
between alcohol consumption and the occurrence 
of aSAH. It has a protective effect in small doses, 
whereas heavy alcohol consumption damages the 
vascular endothelium by generating reactive oxy-
gen species, oxidative stress, and increased nitric 
oxide (NO) production [7, 10].

1.2.1.4  Recreational Drug Abuse

Cocaine and Amphetamine Abuse
These are associated with significant risk for 
cerebral aneurysms and aSAH.  These are the 
commonly used illicit drug all over the globe. Up 
to 4%of cocaine, abusers have an aSAH [2, 11].

These drugs have a sympathomimetic effect. 
The cocaine-related aneurysms are usually 
located in the anterior circulation. aSAH due to 
cocaine-related aneurysms are seen with small 
aneurysms and in younger age patients. Usually, 
the outcome is poor in cocaine-related aneurysms 
because of the cocaine-related cardiovascular 
complication, CVAs, higher incidence of vaso-
spasm, and delayed cerebral ischemia [11].

Cocaine increases blood pressure, thus 
increasing the risk for aSAH. The sympathomi-
metic effect of cocaine is mediated by the poten-
tiation of monoamines. This potentiation of 
monoamines is rendered by blocking of the reup-
take of norepinephrine. Cocaine also increases 
catecholamine receptor sensitivity. The combina-
tion of the potentiation of monoamines and 
increased catecholamine receptors sensitivity 
leads to sympathetic hyperactivity-induced tran-
sient hypertension. Hypertension is one of the 
significant risk factors in the development and 

1 Aneurysmal Subarachnoid Haemorrhage: Epidemiology, Aetiology, and Pathophysiology
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rupture of intracranial aneurysms as mentioned 
earlier. Cocaine can evoke, aggravate, or sustain 
hypertension.

Furthermore, cocaine causes cerebral vaso-
constriction and increase of intraluminal pres-
sure, facilitating both the formation and rupture 
of the aneurysms. The aneurysmal sacs, which 
are deficient in functional elastin and collagen, 
are relatively non-distensible. The rise in intralu-
minal pressure increases the stress on the aneu-
rysmal wall leading to rupture of cerebral 
aneurysm [12].

Marijuana
The literature suggests that the use of recreational 
marijuana to be independently associated with an 
18% increased likelihood of aSAH.  Marijuana 
may cause reversible cerebral vasoconstriction 
syndrome. Hence marijuana abuse not only 
increases the incidence of aSAH but also has a 
poor outcome due to more frequent delayed cere-
bral ischemia.

The estimated incidence of multifocal intracra-
nial stenosis and stroke secondary to marijuana 
abuse was 21%, the intracranial stenosis may 
recover if marijuana abuse is stopped [13, 14].

1.2.1.5  Oral Contraceptives 
and Hormonal Replacement 
Therapy

The use of oral contraceptives with higher oestro-
gen content was described to increase the 
aSAH. The possible mechanism is that the high 
doses of oestrogen induced hypertension. 
Nevertheless, low doses of oestrogen have a pro-
tective effect on the vascular endothelium by 
lowering nitric oxide production, TNF.  Thus, 
protects the vascular endothelium from inflam-
mation and maintains their integrity [15].

1.2.1.6  Hypocholesterolemia
Hypocholesterolemia is inversely related to the 
risk of aSAH. The low serum cholesterol levels 
increases the risk of haemorrhagic stroke, as the 
lipids are required by cells to maintain their 
membrane. An experimental study reported that 
high cholesterol level inhibits smooth muscle 
necrosis. However, a recent study contradicts this 

finding and concludes that elevated triglycerides 
levels may increase the risk for aSAH among 
men; therefore, lipid profile should be taken into 
account when assessing risk for aSAH in men 
[16, 17].

1.2.1.7  Atherosclerosis
Atherosclerosis is considered a risk factor in the 
formation of a cerebral aneurysm. Smoking and 
hypertension are also risk factors for atherosclero-
sis and aSAH. Both formation of cerebral aneu-
rysm and atherosclerosis might have same 
pathophysiology. There were some histologic and 
biochemical resemblance noticed between the 
aneurysmal wall and the atherosclerotic plaques.

Noteworthy, high serum level of lipoprotein 
which is commonly observed in aSAH patients is 
considered as risk factor for atherosclerosis. The 
lipid accumulation initiates the oxidative stress 
and free radicals generation in the atherosclerotic 
wall and sets in a pro-inflammatory response. 
This culminates in apoptosis and proteolysis by 
cytokines and matrix metalloproteinases [18, 19].

1.2.1.8  Diabetes Mellitus
Type I diabetes mellitus promotes the formation of 
cerebral aneurysm [20]. Diabetes mellitus with 
insulin resistance causes endothelial dysfunction 
and increases oxidative stress, thus increasing the 
risk of cerebral aneurysms. The role of diabetes 
mellitus in cerebral aneurysm formation and 
 rupture has not been thoroughly investigated. But 
diabetes mellitus induces micro- and macroangi-
opathy complications. It causes vascular endothe-
lial damage, the intima and media thickening, 
atherosclerotic changes, decreases the expression 
of cerebral tight junction protein. These changes, 
especially the reduced expression of tight junction 
protein and endothelial damage, may contribute to 
the formation of the cerebral aneurysm. Degradation 
of the Type IV collagen, a constituent of the base-
ment membrane by the pro- inflammatory media-
tors and the matrix metalloproteinase 9, contributes 
to the vascular lesions [20].

Type 2 diabetes mellitus does not increase the 
risk of aSAH. Type 2 diabetic population showed 
a lower prevalence of aneurysmal subarachnoid 
haemorrhage when compared to the general pop-
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ulation. The mechanisms for this lower preva-
lence are unknown. The oral antihyperglycaemic 
agents may exert several anti-inflammatory 
actions and inhibit the production of the matrix 
metalloproteinase 9. This hypothesis could 
explain the possible mechanism in the prevention 
of aneurysmal rupture as well [21, 22].

1.2.1.9  Low and High Body Mass Index 
(BMI)

Individuals with low body mass index (BMI) or 
lean body mass index are at a higher risk for 
strokes, including aSAH. However, Kawate et al. 
reported that a high BMI was directly associated 
with SAH [23].

1.2.1.10  Socioeconomic Status 
and Occupational Stress

Low socioeconomic status and educational status 
are reported to be independent risk factors for the 
increased occurrence of aSAH. The mechanism 
is not fully understood [24].

1.2.2  Non-modifiable Risk Factors 
for Increased aSAH

1.2.2.1  Gender
A unique epidemiological feature of aSAH is that 
it is more common in females (2:1); the risk of 
aSAH increases significantly after menopause. 
Ghods et al. described that up to 72% of aSAH 
occurs in females [25].

The proposed mechanism for increasing 
aSAH in female post-menopause is the loss of 
vessel endothelium and compromised vascular 
remodelling secondary to decreasing oestrogen 
levels. Oestrogen by their pleiotropic effects on 
vascular endothelial cells, collagen, and nitric 
oxide promotes normal vascular function. This 
hypothesis can be substantiated by a reduction in 
the rate of aneurysm formation and rupture by 
hormone replacement therapy.

Moreover, vascular geometry and wall stress 
differ between the genders. Females have narrow 
cerebral blood vessels and asymmetric branch 
angles, which results in greater blood flow veloc-
ity and higher wall shear stress at the arterial 

bifurcations. This also explains why internal 
carotid artery aneurysms are the most common in 
females in contrast to males in whom the anterior 
communicating artery aneurysms are common. 
Females tend to have multiple aneurysms [25, 
26].

1.2.2.2  Familial or Connective Tissue 
Disorders

The familial occurrence of aSAH is well 
described. Twenty percent of patients with aSAH 
have a positive family history. First-degree rela-
tives of patients with aSAH have up to sevenfold 
increased risk of having aSAH. Onda et al. found 
that the formation and rupture of intracranial 
aneurysms were related to chromosome 7q11 in 
families [27]. In another genome linkage study in 
a Finnish population, a country where aSAH is 
common showed a stronger correlation of aSAH 
and chromosome 19q13-2 in families (Table 1.2). 
Keun-Hwa. et  al. confirmed the familial occur-

Table 1.2 Hereditary disorders with susceptibility to an 
intracranial aneurysm [28]

Disorder Pathophysiology
mTOR signalling
Polycystic kidney 
disease

Phospho-mTOR was 
downregulation

Tuberous sclerosis mTOR signalling
Neural crest development
Bicuspid valve Neural crest development
Alagille syndrome Neural crest development
Marfan syndrome Transforming growth 

factor-β signalling, 
extracellular matrix integrity

Transforming growth factor-β signalling
Loeys-Dietz syndrome
Hereditary 
haemorrhagic 
telangiectasia
Collagen metabolism, extracellular matrix integrity
Osteogenesis 
imperfecta

Collagen metabolism, 
extracellular matrix integrity

Ehlers-Danlos 
syndromes

Collagen metabolism, 
extracellular matrix integrity

Other aetiologies
Neurofibromatosis Ras-Raf-MEK-ERK 

pathway)
Familial thoracic aortic 
aneurysm

Smooth muscle 
development

Turner syndrome Unknown
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rence of aSAH, more commonly affected MCA 
aneurysms in relatives, and the interesting find-
ing was that the aSAH age was similar in all rela-
tives [28–30]. Connective tissue disorders are a 
rare cause of aSAH.  It accounts for 2% of all 
aSAH, commonly in association with polycystic 
kidney disease [31].

1.3  Pathophysiology of Cerebral 
Aneurysms

The pathogenesis and shape form the basis of 
classification for cerebal aneurysms. The com-
monest form is a saccular aneurysm, also called 
berry aneurysm, as they are berry-shaped or mul-
tilobed outpouchings. The saccular aneurysms 
are formed spontaneously. They are the cause of 
aSAH in 85% of the patients.

Trauma, tumour, and infection may contribute 
in formation of cerebral aneurysm. The bacterial 
or fungal infection may cause focal necrosis of an 
arterial wall resulting in an aneurysm. Fusiform 
aneurysms are usually spindle-shaped bulging of 
the artery, often due to atherosclerosis. Dissecting 
aneurysms results from dissection of the vessel 
wall usually occur from traumatic injury or can 
occur spontaneously. (Fig. 1.2).

While discussing the pathophysiology of a cere-
bral aneurysm, there are three important processes 
to be considered. These are the formation, the 
growth, and the rupture of the aneurysm. (Fig. 1.3).

The precise mechanism of cerebral aneurysm 
formation is unknown, but pathological changes in 
the vessel wall composition and structural changes 

are the initiating factors. The presence of predis-
posing genetic factors, environmental factors, and 
epidemiological factors will contribute further to 
the cerebral aneurysm formation. (Fig. 1.2).

Around 85% of aneurysms occur in the ante-
rior circulation, and 20% of the patients will have 
multiple aneurysms. Most of the multiple aneu-
rysms are located at the mirror site bilaterally. As 
the aneurysm development progresssses and 
forms neck and dome typically. Typical aneu-
rysm rupture occurs at the dome as the dome wall 
is thinned and tears (Fig.  1.4). Various factors 
that increase the risk of rupture of aneurysms are 
(a) aneurysms size more than 7 mm in diameter 
(b) aneurysms at the tip of the basilar artery (c) 
aneurysm at bifurcations or at the origin of poste-
rior communicating arteries. With the initial rup-
ture of the aneurysms, a small amount of blood is 
leaked into the subarachnoid space causing head-
aches, but blood cannot be detected in computer-
ised tomography (CT). The patient gets 

Saccular aneurysm

Fusiform aneurysm

Dissecting aneurysm

Fig. 1.2 Different types of aneurysm

Initiation of cerebral
aneurysam formation

Growth of cerebral
aneurysm

Rupture of cerebral
aneurysm

Fig. 1.3 Showing the formation, growth, and rupture of 
cerebral aneurysm (courtesy of Dr. Arshad Chanda)
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discharged from the hospital to be admitted later 
with significant SAH and usually with a severe 
grade of aSAH and severe symptoms. Hence the 
initial headache is called a sentinel headache. 
Ruptured cerebral aneurysms cause the signs and 
symptoms either due to mass effect or blood in 
the subarachnoid and ventricular space [32].

Anterior communicating artery (ACom) or 
middle cerebral artery (MCA) bifurcation aneu-
rysm rupture causes bleeding into the surround-
ing brain tissues causing intracerebral 
haemorrhage (ICH). This causes pressure symp-
toms like hemiparesis, aphasia, and abulia. The 
presence of blood in subarachnoid and ventricu-
lar space causes hydrocephalus, cerebral vaso-
spasm, and cerebral ischemia (Fig. 1.5) [32].

The chances of rebleeding from the ruptured 
aneurysm are maximal during the initial 7 days, as 
the natural thrombolysis will displace the clot plug 
from the site of rupture. The rebleed in these patients 
with aSAH had higher morbidity and mortality [32].

Acute hydrocephalus can occur in the first 
hours after aSAH due to obstruction to the flow of 
CSF (obstructive and non-communicating), 
whereas late hydrocephalus occurs around 2 weeks 
of aSAH due to the blood in subarachnoid and 
ventricular space causing blockage of CSF (cere-
brospinal fluid) absorption in the subarachnoid 
villi leading to the normal pressure communicat-
ing hydrocephalus (Fig. 1.4). The risk of cerebral 
vasospasm is highest from the day of ictus to the 
14th day after the ictus, with the highest incidence 
on day seven post-ictus. Spasm of the major cere-
bral arteries will cause increasing headache, fluc-
tuating level of consciousness, and focal 
neurological deficits. If the spasm persists, it can 
lead to cerebral ischemia and infarctions, brain 
oedema, with raised intracranial pressure [32].

Apart from primary and secondary brain inju-
ries due to a ruptured aneurysm, it also causes 
distal non-neurological organ injuries and dys-
function, which are increasingly recognised 

Environmental,
Atherosclerosis,

smoking Inflammation

Familial &
genetic factors

Ageing &
Hypertension

Elastin destruction & increased elastase activity

Increased collagen Load and Collagen
remodelling

Failure of collagen strength & Increased
Hemodynamic stress

Alteration of vascular structure & Geometry
Aneurysm Formation

Continued increased
Hemodynamic Stress

Aneurysm rupture

Fig. 1.4 Mechanism of 
cerebral aneurysm 
formation and rupture 
(Courtesy of Dr. Nisssar 
Shaikh)
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cause for higher morbidity and mortality [32]. 
Various theories are proposed for the occurrence 
of distal organ dysfunction in aSAH. For more 
details please refer to Chap. 10.

1.3.1  Catecholamine Induced Injury

There is a surge of catecholamine after a rup-
ture of a cerebral aneurysm that leads to a sig-
nificant increase in serum renin, angiotensin II, 
adrenaline, and noradrenaline levels, resulting 
in cardiopulmonary injuries, multiorgan vaso-
spasm, and organ dysfunction. It is documented 
that there is a threefold increase in the renin-
angiotensin secretion in immediate post-exper-
imental aSAH. Simultaneous occurrence of the 
cerebral salt wasting syndrome will cause 
natriuresis and diuresis. The diuresis is proved 
to potentiate the vasospasm in experimental 
animals [32, 33].

1.3.2  The Systemic Inflammatory 
Response Syndrome (SIRS) 
and Metabolic Derangements

Systemic inflammatory response syndrome (SIRS) 
and metabolic derangements in aSAH patients cause 
tachycardia, fever without any signs and symptoms 
of infections. It is reported in the literature that as 
high as 87% of aSAH patients may have SIRS and 
metabolic  derangements. The severity of the SIRS 
and metabolic derangements are associated with the 
increase in morbidity and mortality in SAH patients 
[34]. SIRS response following SAH is associated 
with an increased incidence of delayed ischemic, 
neurological deficit, cerebral infarction, and poor 
neurological outcome, according to exploratory 
analysis of data from 413 patients of CONSCIOUS-1 
database. (Fig. 1.5) Systemic inflammatory markers 
like C-reactive protein and IL-6 levels are elevated 
early following SAH; higher levels are associated 
with poor neurological outcome [34].

N. Shaikh et al.
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1.4  Conclusion

Although the global incidence of aSAH shows a 
decreasing trend, the morbidity and mortality 
remain high despite developments in diagnostic 
and therapeutic options. There are well-known 
risk factors that increase cerebral aneurysm for-
mation, growth and rupture, namely recreational 
drug abuse, hypertension, gender, low body mass 
index, hypercholesterolemia, and genetic risk. 
Apart from these, connective tissue disorders and 
occupational stress can increase the risk of cere-
bral aneurysms formation and rupture which is 

commonly seen in anterior circulation. All these 
risks and environmental factors cause increased 
elastase activity in the vascular wall leading to 
elastin destruction, increased collagen load, col-
lagen remodelling, decreased strength with net 
results in vascular weakness, and bulging out 
with aneurysm formation. If the increased hemo-
dynamic stress persists or progress will lead to 
aneurysm rupture. The ruptured aneurysm will 
cause transient global ischemia, loss of blood–
brain barrier, brain oedema, cerebral vascular 
dysregulation, neuroinflammation, micro-
thrombi, and vasospasm. A sudden surge of cat-
echolamine due to aSAH will cause non-neural 

Aneurysm Rupture

Early Phase (within 72 Hours)

Mass effectSubarachnoid Blood

Global Transient

Ischemia

Catecholamine Strom &

SIRS

Diffuse vasoconstriction
Endothelial Apoptosis

Loss of Blood Brain barrier
Brain Edema

Delayed Phase After 72 Hours

Cerebral vascular
dysfunctions

Neuroinflamation
Cortical Spreading

depolarization
Micro thrombi/Vasospasm

Alfa-receptor Beta receptors

Pulmonary &
peripheral

Vasoconstriction

Myocardial Band
cell necrosis

Pulmonary
Hypertension

Leakage

Left Ventricular
Dysfunction

Pulmonary edema

Cardiac
Dysfunctions

Multiorgan inflammation &
Vascular spasms

MODS

Brain Cell damage
Hydrocephalus

Delayed Brain Ischemia

Fig. 1.5 Cerebral aneurysm rupture causing brain and distal organ injuries (Courtesy of Dr. Nissar Shaikh)
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distal organ dysfunction. The delayed ischemia 
occurs if the changes persist for a longer dura-
tion. Blood and its products will block the sub-
arachnoid villi leading to the late development of 
normal pressure communicating hydrocephalus.
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Cerebral Circulation and Its 
Clinical Impact

M. A. Rahman, Nissar Shaikh, Adnan Khan, 
Shoaib Nawaz, Aisha Alkubiasi, 
M. M. Nainthramveetil, Adel E. Ahmed Ganaw, 
and Stefan Rohrig

2.1  Background

The brain circulation is movement of blood in and 
out of cranial cavity and brain. About 1/sixth of the 
cardiac output goes to the brain and it consumes 1/
fifth of the total oxygen supply of the body. The 
continuous and uninterrupted blood supply is 
essential for the normal functioning of the brain. 
Human brain is a vital and precious organ of the 
body. Hence it is protected by around 10 mm thick 
skull bone. The brain floats in the cerebrospinal 
fluid and firmly covered with meningeal layers. 
Apart from these, another protective layer for the 
brain comes from blood–brain barrier (BBB). It 
allows dynamic interactions between cerebral 
blood capillaries and the neuronal cells and pro-
vides an adequate control of molecules that are 

transported in and out of the brain [1]. Cerebral 
autoregulation is another physiological process 
which regulates and maintains cerebral blood flow 
constant with a range of blood pressures [2].

We will discuss the circulation and protection 
in the following headings.

2.2  Blood Supply of the Brain

Blood supply to the brain is from two sets of arter-
ies from the dorsal aorta and carotid arteries. The 
vertebral artery arises from the subclavian arter-
ies, and internal carotid arteries are the branches 
of the common carotid arteries in the neck.

2.2.1  Internal Carotid Arteries

The common carotid artery bifurcates at the level 
of cervical vertebra 4–5 in the neck into the exter-
nal and internal carotid arteries (ICA). The ICA 
proceeds through the carotid canal within the 
petrous part of the temporal bone and enters the 
cranium. ICA further passes anteriorly through 
the cavernous sinus and distal to the cavernous 
sinus it gives of its branches, the anterior cerebral 
artery and middle cerebral artery which forms the 
anterior circulation of brain as they supply to the 
forebrain (Fig. 2.1) [3]. Apart from these major 
arteries, the internal carotid arteries give out 
smaller branches, namely anterior choroidal, 
ophthalmic, and posterior communicating arter-
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ies. The details of anterior circulation arteries are 
given in Table 2.1.

2.2.2  The Bouthillier Classification

This classification is useful in describing the 
internal carotid artery (ICA) aneurysm, patholo-
gies and divided into the seven segments as 
shown in Table 2.2 and Fig. 2.2.

2.3  Posterior Circulation

Both the vertebral arteries arise from the respec-
tive subclavian arteries, proceed to enter the 
transverse foramen of the cervical spines at the 
C5 level and after passing through the C1 fora-
men, both vertebral arteries enter through cra-
nium and at the base of pons join to form single 
basilar artery thus forming the posterior circula-
tion of brain (Fig.  2.3) [3]. Before forming the 

MCA ACA

OA

AChA

P. CommA

ICA

ECA

Fig. 2.1 Anterior circulation of brain [3]

Table 2.1 Anterior circulation arteries and its blood 
supply

Cerebral artery Blood supply
Anterior 
cerebral artery 
(ACA)

Medial side of the frontal lobes 
and superior medial parietal lobes

Posterior 
communicating 
arteries

Medial thalamic surface and the 
walls of the third ventricle

Anterior 
Choroidal 
Arteries

Crus cerebri of the midbrain, 
lateral geniculate body, choroid 
plexus of the lateral ventricles and 
third ventricle, Globus pallidus, 
caudate nucleus, amygdala, 
hypothalamus, red nucleus, 
substantia nigra, posterior limb of 
the internal capsule, optic tract, 
hippocampus

Ophthalmic 
arteries

Supplies all the structure of the 
orbit and meninges

Middle cerebral 
arteries

Anterior temporal lobes, insular 
and lateral cerebral cortex

Table 2.2 Showing ICA segments [4]

Segment of ICA Name
C1 Cervical
C2 Petrous
C3 Lacerum
C4 Cavernous
C5 Clinoid
C6 Ophthalmic
C7 Terminal communicating

Fig. 2.2 Internal carotid artery and its segments [4]
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basilar artery the vertebral artery gives rise to the 
posterior inferior cerebellar artery (PICA) The 
posterior circulation of brain is responsible for 
supplying the oxygenated blood to occipital lobe, 
cerebellum, and brain stem (Table 2.3).

2.4  Circle of Willis (COW)

Nearly 400 years back COW was described. It is 
a compensatory arterial circle formed by the 
arteries at the base of brain. COW compensates 
up to some extent in the case of obstruction to 
one of the component arteries. Typically it is 
important in older patients who have limited abil-
ity to compensate acute changes and thus are at a 

greater risk for developing ischemic stroke or 
brain hypoperfusion [6]. Approximately 1:3 
patients have a complete COW, up to 50% of 
healthy patients and 80% of the patients with 
dysfunctional brain have at least one artery which 
is underdeveloped or absent. The topological 
anomalies of COW may be fused arteries, string- 
like vessels, missing communicating vessels, and 
presence of an extra artery [7].

The simplified anatomy of the COW is, the 
three major arteries going into the circle of Willis 
are the major anterior and posterior circulation 
arteries namely two internal carotids and one 
basilar artery. Six arteries leave the COW in 
pairs, anterior cerebral arteries, middle cerebral 
arteries and posterior communicating arteries. 
The three arteries completing the COW are two 
posterior communicating arteries and one ante-
rior communicating artery (Fig. 2.4).

2.5  Venous Drainage from Brain

The venous drainage of brain is different the rest 
of the organs in the body. The brain veins are not 
following the arteries, lack in muscular layer and 
the valves [8].

The brain parenchymal venous drainage is 
divided into the superficial and deep veins. The 
superficial veins drain from the cerebral cortex, 
while deep veins drain the blood from deeper and 
internal structures of the brain, namely thalamus, 
hypothalamus, internal capsule, septum, corpus 
striates, white matter and the choroid plexuses 
[8]. The venous sinus is a peculiarity of venous 
drainage of the brain (channels of a branching 
complex sinus network that lies in the subarach-
noid space and functions to collect venous blood). 

Posterior cerebral artery

Superior cerebellar artery

Basilar artery

Anterior inferior cerebellar artery

Posterior communicating artery

Pontine arteries

Vertebral artery

Fig. 2.3 Posterior 
circulation of brain [3]

Table 2.3 The branches of posterior circulation arteries 
and their area of blood supply [5]

Brach artery Area supplied
Posterior 
inferior 
cerebellar 
artery (PICA)

It is the largest branch of the 
vertebral artery. It is one of the three 
main arteries that supplies blood to 
the cerebellum, a part of the brain

Anterior 
inferior 
cerebellar 
artery (AICA)

Pairs of arteries that supply blood to 
the cerebellum

Pontine 
branches

These are a number of small vessels 
which come off at right angles from 
either side of the basilar artery and 
supply the pons and adjacent parts 
of the brain

Superior 
cerebellar 
artery (SCA)

Arises near the termination of the 
basilar artery. Blood supply to the 
superior half of the cerebellum and 
the parts of the midbrain

Posterior 
cerebral artery 
(PCA)

Pair of arteries that supply 
oxygenated blood to the occipital 
lobe, part of the back of the human 
brain

2 Cerebral Circulation and Its Clinical Impact
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The superficial venous system drains into the 
sagittal sinus, whereas the deeper veins drain into 
transverse, straight, and the sigmoid sinuses 
(Fig. 2.5) [8]. As these sinuses are closely related 
to the venous drainage of the nasal sinuses, cere-
bral sinuses can get infected by retrograde bacte-
rial transmission causing sinus thrombosis.

2.6  Cerebrospinal Fluid (CSF)

Brain floats in the cerebrospinal fluid (CSF), CSF 
cushions the brain in the skull bone and serves as 
a shock absorber for the central nervous system, 
it also circulates nutrients and chemicals filtered 
from the blood and up to some state removes 
waste products from the brain [9]. CSF is secreted 
at the rate of around 25 ml/hour and at any given 

time there is around 125  ml of the CSF in the 
brain. It is secreted by the choroid plexuses in lat-
eral ventricles by diffusion, pinocytosis, and 
active transfer. Choroid plexuses are the nothing 
but tufts of capillaries within thin fenestrated 
endothelial cells. CSF circulation is helped by the 
pulsation in choroidal plexuses [9]. As CSF is 
formed from the plasma, it contains 2/3rd of the 
glucose level compared to the plasma and it is a 
protein free fluid in physiological circumstances. 
CSF circulation is shown in Fig. 2.6, and finally 
gets absorbed into the subarachnoid granulation 
or villi and drains into the superior sagittal 
sinuses. CSF pressure is maintained in range of 
8–15 mm of Hg. CSF leakage will drop the intra-
cranial pressure and obstruction to the flow of 
CSF will increase the intracranial pressure and 
lead to hydrocephalus.

2.7  Blood–Brain Barrier (BB)

Blood–brain barrier (BBB) is a carrier as well as 
a barrier. The carrier function of BBB is carrying 
nutrients to the brain and removing the products 
of cellular metabolism. The barrier function is by 
restricting the transfer of harmful substances to 
the brain [10].

BBB is formed by endothelial cells, which 
form a continuous sheet covering the surface of 
capillaries, and tight junctions to form a belt like 
structure interconnect endothelium. The endothe-
lium is engulfed in the basal membrane called 

Middle cerebral

Ophthalmic

Internal carotid

Basilar

Vertebral

Anterior communicating

Anterior cerebral

Posterior communicating

Posterior cerebral

Fig. 2.4 Circle of 
Willis (COW) [6, 7]

Fig. 2.5 Cerebral venous sinuses [8]
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pericytes. Pericytes cover approximately 32% of 
the endothelium. Pericytes regulate proliferation, 
angiogenesis, and inflammatory processes. Tight 
junctions strengthen and maintain control on 
astrocytes and pericytes (Fig.  2.7). Hence the 
BBB stabilizes the environment for the proper 
brain cellular function, facilitates neurotransmis-
sion, prevents macromolecules entry into the 
brain, protects brain from the neurotoxic sub-
stances, and allows immune-surveillance and 
response with a minimal cell damage and inflam-
mation [10].

2.8  Conclusion

Human brain is a vital organ in the body, hence well 
protected in the bony skull covered with meninges 
and floats in the cerebrospinal fluid (CSF).

The uninterrupted blood circulation is essen-
tial for normal brain function. Blood supply of 
the brain is unique. Anterior circulation comes 
from a pair of internal carotid arteries and the 
posterior circulation is from the basilar artery 
formed by joining of two vertebral arteries. Both 
anterior and posterior circulation arteries join and 
form the circle of Willis (COW) and provide 
blood supply to the brain. COW ensures and 
compensates the blood supply in case of obstruc-
tion to one the component arteries. Due to hemo-
dynamic stress outpouching of one or multiple 
cerebral arteries occurs to form the cerebral 
aneurysms.

The venous drainage from the brain is through 
the superficial and deep veins of the brain. Blood 
from cerebrum and internal brain parts get 
drained into sagittal and sigmoid sinuses, respec-
tively. Venous blood from cerebral sinuses goes 

CSF secreted in the lateral ventricles (Choroid Plexuses) 

Foramen of Monro 

3rd Ventricle

Aqueduct of Sylvius  

4th Vernicle

Subarchnoid Space / Subarchnoid Villi

Foramen

Luscha

Foramen 

Magendie 

Fig. 2.6 CSF 
circulation

blood

brain

tight junction

endothelium

basement membrane

astrocyte

Fig. 2.7 The blood 
brain barrier
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to internal jugular veins and ultimately reaches to 
the heart and lungs.

CSF is secreted from the lateral ventricles by 
the choroidal plexuses and circulates through 
brain and spinal cords before getting absorbed by 
the subarachnoid villi. Any obstruction to the 
CSF flow will lead to increased intracranial pres-
sure and hydrocephalus.

Blood–brain barrier protects and restricts the 
particles circulating in the blood reaching the 
brain. The BBB is formed by the specific anat-
omy of the astrocytes held together by tight junc-
tions, which maintains the homeostasis in the 
brain.
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Central Nervous System 
Neurophysiology

Pragasan Dean Gopalan and Alexa de Castro

3.1  Introduction

The human nervous system mediates a wide 
range of functions essential for survival and well- 
being. The approximately 1011 neurons in the 
human brain offer limitless potential for the cre-
ation of complex neuronal circuits and 
inter-connectivity.

Neurophysiology refers to the study of neu-
rons, and their various arrangements into nerves 
and nervous systems, describing their functions 
and the mechanisms by which they achieve these 
functions. When this is restricted to the brain and 
its various structures in the central nervous sys-
tem (CNS), it may be termed central neurophysi-
ology. A clear understanding of central 
neurophysiology is relevant to better appreciate 
the variety of pathophysiological states, includ-
ing subarachnoid haemorrhage, that affect the 
brain.

3.2  Electrophysiology

A neuron is a specialised cell with two funda-
mental properties that define its functioning and 
importance, namely excitability and conductiv-
ity. Excitability of a neuron refers to its ability to 
respond to changes in or stimuli from the envi-
ronment; conductivity is the ability to transmit or 
convey an impulse, action potential or state of 
excitation from one part of the cell to another. 
This section addresses the basic principles of 
neuro-electrophysiology.

3.2.1  Neuron Structure

Neuronal signals are transmitted as electrical sig-
nals by a vast network of neurons in the central 
and peripheral nervous system. Fibre-like pro-
cesses called dendrites receive and transmit sig-
nals to the cell body, where proteins are synthesised 
in the basophilic granules (Nissl substances) of the 
rough endoplasmic reticulum. A fibre-like struc-
ture called an axon, leaves the cell body and con-
sists of axoplasm filled with mitochondria, 
microtubules, neurofilaments and smooth endo-
plasmic reticulum. The axon ends in a nerve termi-
nal, where neurotransmitters are released to bind 
with receptors on target tissue (Fig. 3.1) [2]. An 
axon may or may not be surrounded by a myelin 
sheath. Myelin sheaths consist of Schwann cells 
that surround the axon and slow the conduction of 
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electrical signals by reducing ion transfer through 
the axonal membrane (Fig.  3.2). The junction 
between two adjacent Schwann cells is interrupted 
by a node of Ranvier, a small uninsulated area con-
sisting of closely packed sodium channels, allow-
ing for fast passage of ions. Electrical action 
potentials are able to jump between these nodes, 
referred to as saltatory conduction, resulting in 
increased velocity of nerve signal transmission 
with limited energy expenditure.

3.2.2  The Resting Membrane 
Potential

During the resting state, the electrical difference 
across a selectively permeable membrane is 
determined by the difference in ion concentra-
tions on either sides of the membrane. This is 
called the resting membrane potential and in ner-
vous system cells is determined by the relatively 
higher intracellular concentration of K+ ions 

Cell membrane

Dendrite

Cell body (soma)

Axon Oligodendrocyte

Node of Ranvier

Myelin sheath

Synapse

Fig. 3.1 Basic anatomy of a neuron (From OpenStax College [1]—Creative Commons Attribution 4.0 International 
License)

Axon Nodes of Ranvier Myelin sheath

Depolarized
membrane

Membrane at
resting potential

Fig. 3.2 Anatomy of a 
myelinated nerve fibre 
with nodes of Ranvier 
(From OpenStax 
College [3]—Creative 
Commons Attribution 
4.0 International 
License)
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compared to the relatively higher extracellular 
concentration of Na+ ions. The resting membrane 
potential is maintained by the active Na+/K+/
ATPase transport mechanism that is present in all 
cells of the human body. A net deficit of positive 
ions inside the cell is maintained by the continual 
pumping of three sodium ions outwards in 
exchange for two potassium ions inward, and cre-
ates the negative resting membrane potential of 
about −90 mV. This sets up large concentration 
gradients across the resting cell membrane, ready 
for activation of an action potential.

3.2.3  Depolarisation

Any stimuli, including mechanical, chemical, or 
electrical stimuli, that can cause a rapid change in 
the membrane potential by influencing permea-
bility of the sodium and potassium ion channels, 
can generate electrochemical impulses necessary 
to transmit nerve signals. Each action potential 
begins with depolarisation, creating a change 
from the negative membrane potential to a more 
positive potential. An action potential will only 
develop if a threshold potential of between −70 
and −50 mV is reached, at which point a confor-
mational change of the voltage-gated sodium 
channels occur, activating the voltage-gated 

channel to an open state. Sodium ions stream into 
the cell at a high rate, causing the opening of 
more sodium channels (Fig. 3.3). The membrane 
potential quickly depolarises to about 
+30  mV.  The inactivation gate of the sodium 
channel is activated at the same time but the con-
formational change is slower, allowing the pas-
sage of sodium ions before closing (Fig. 3.4). No 
further passage of sodium ions is allowed and 
opening of the inactivation gate will not occur 
until the resting membrane potential is reached, 
thereby avoiding any further action potentials 
until repolarisation is complete, also called the 
refractory period.

3.2.4  Repolarisation

When the membrane potential increases toward 
0 mV, a conformational opening of the potassium 
channels occur just as the sodium channels start 
to close. This allows the rapid movement of 
potassium ions out of the cell, rapidly restoring 
the membrane potential back to −90 mV. At this 
point the potassium channels return to their rest-
ing closed state. The active Na+/K+ ATPase 
channel is responsible for re-establishing the 
sodium and potassium ion gradients of the rest-
ing state, ready for the next action potential.

Voltage-gated Na+ Channels

Closed At the resting potential, the
channel is closed.

Open In response to a nerve impulse,
the gate opens and Na+ enters the cell.

Inactivated For a brief period following
activation, the channel does not open
in response to a new signal.

Outside cell

Cytoplasm

Fig. 3.3 Voltage-gated sodium channels showing successive activation and inactivation during an action potential 
(From OpenStax College [3]—Creative Commons Attribution 4.0 International License)
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3.2.5  Nerve Impulse

Propagation of the action potential occurs as the 
depolarisation process spreads along the nerve 
fibre, exciting the adjacent membrane. This 
occurs in one direction only, spreading along the 
entire length of the fibre, and is called the nerve 
impulse. The velocity of the nerve impulse is 
increased in myelinated fibres and is also acceler-
ated in axons of larger diameter.

3.2.6  Synaptic Transmission

The connection between a nerve terminal and 
other nerves, muscles or glands, is called a syn-
apse, and permits the transmission of a neural 
impulse from one nerve to another. Transmission 
in mammals occur via chemical neurotransmis-
sion. Impulses can be received from several 
nerves (convergence) or may be transmitted via 
synaptic contact with many other neurons (diver-
gence) The action potential is propagated along 

the axon, reaching the nerve terminal to open 
voltage-gated calcium channels which release 
neurotransmitter from vesicles into the synaptic 
cleft via a process called exocytosis. Thereafter, 
the neurotransmitters diffuse across the cleft to 
bind to receptors on the post-synaptic cleft either 
opening ion channels or activating a second mes-
senger system (Fig. 3.5). Neurotransmitter activ-
ity in the synaptic cleft is terminated by enzymatic 
breakdown, reuptake into the presynaptic mem-
brane or diffusion away from the site. If the open-
ing of ion channels resulted in depolarisation 
reaching the threshold potential, the action poten-
tial is further transmitted along the new nerve.

3.3  Cerebral Metabolism

A description of cerebral metabolism under nor-
mal conditions allows for a better understanding 
of metabolic responses to pathological states. 
This section reviews the basic principles of cere-
bral metabolism.

The brain is one of the most metabolically 
active of all organs in the body. The regulation of 
cellular energy metabolism and metabolic supply 
is essential to the highly dynamic energy con-
sumption of the CNS that is needed for cellular 
function and generation of electrophysiological 
signals. Increased neuronal activity requires ade-
quate delivery of oxygen and nutrients to meet 
the increased consumption of energy. 
Concurrently, compensatory metabolic and vas-
cular mechanisms are initiated to enhance neuro-
nal function [4]. Tight metabolic control is 
essential for normal brain function and survival. 
The relationship between metabolism and neuro-
nal activity likely involves various complex regu-
latory pathways [5].

3.3.1  Oxygen

The brain is the largest consumer of energy in the 
body. With a mass of only 2–3% (1200–1400 g) 
of total body mass, the brain uses 20% of the total 
body oxygen consumption, 25% of total glucose 
consumption, and receives 15–20% of the car-
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Fig. 3.4 Typical voltage changes during an action poten-
tial. The formation of an action potential can be divided 
into five steps: (1) A stimulus from a sensory cell or 
another neuron causes the target cell to depolarise toward 
the threshold potential. (2) If the threshold of excitation is 
reached, all Na+ channels open and the membrane depola-
rises. (3) At the peak action potential, K+ channels open 
and K+ begins to leave the cell. At the same time, Na+ chan-
nels close. (4) The membrane becomes hyperpolarised as 
K+ ions continue to leave the cell. The hyperpolarised 
membrane is in a refractory period and cannot fire. (5) The 
K+ channels close and the Na+/K+ transporter restores the 
resting potential. (From OpenStax College [3]—Creative 
Commons Attribution 4.0 International License)
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diac output at rest [6, 7]. In children, total body 
oxygen consumption can be as high as 50% by 
5 years of age [8].

Energy expenditure by the brain can be classi-
fied into two broad categories: (1) “activation 
energy” is the energy expended by the brain in 
the work of generating electric signals and con-
sumes 55% of the total cerebral energy consump-
tion and (2) basal metabolic processes consume 
the remaining 45% of the brain’s energy produc-
tion [9]. The “activation energy” is used to 
 generate adenosine triphosphate (ATP) and sup-
port neuronal electrical activity. This energy is 
primarily utilised at the synapse to drive ion 
pumps and sustain and restore ionic gradients 

and neuronal membrane potentials after depolari-
sation. Energy for the basal metabolic processes 
is needed to maintain cellular integrity and 
homeostasis with such processes including mem-
brane stabilisation, ion pumping to preserve 
membrane ion gradients, and synthesis of struc-
tural and functional molecules [10]. 
Neurotransmitter synthesis, vesicle recycling, 
and axoplasmic transport contribute to the ele-
vated metabolic requirements in neurons [5].

The normal human brain consumes oxygen at 
a rate of 156 μmol/100 g tissue/min in the con-
scious state. The production of CO2 is the same, 
leading to a respiratory quotient of quotient of 
1.0 [11]. The cerebral metabolic rate (CMR) of 

Presynaptic neuron

Neurotransmitters

Axon terminal

Synaptic
vesicles

Synaptic
cleft

Postsynaptic neuron

Ligand-gated channels
with receptors for
neurotransmitters

Fig. 3.5 A representation of a synapse showing release of neurotransmitters into the synaptic cleft and activation of 
post-synaptic receptors. (From OpenStax College [3]—Creative Commons Attribution 4.0 International License)

3 Central Nervous System Neurophysiology



24

oxygen consumption (CMRO2) in a normal, con-
scious, young adult is approximately 3.5 ml/100 g 
brain/min with a range of 3–3.8  ml/100  g/min 
equating to approximately 50  ml/min in adults. 
This energy consumption continues throughout 
the day and night and may be increased during 
rapid eye movement (REM) sleep [5, 8]. Energy 
requirements are not uniformly spread through-
out the CNS.  Requirements parallel cortical 
 electrical activity and are greatest in the grey 
matter of the cerebral cortex.

The brain is absolutely dependent on an unin-
terrupted supply of oxygen to drive oxidative 
metabolism for the maintenance of structural 
and functional integrity. The brain has no O2 
stores itself, and unconsciousness will occur 
after 10  s of complete cessation of blood flow. 
The critical level of O2 tension in the brain lies 
between 15 and 20 mmHg. Cessation of blood 
flow is followed within a few minutes by irre-
versible pathological changes within the brain 
[8]. Within 3–8  min all ATP stores will be 
depleted, leading to irreversible injury. The hip-
pocampus and cerebellum are most sensitive to 
this injury. Cerebral metabolism of oxygen may 
be impaired in various disease states including 
stroke, traumatic brain injury, and Alzheimer’s 
disease [11].

3.3.2  Energy Substrates

Most tissues in the body operate facultatively 
in choosing energy substrates with an ability to 
use such substrates interchangeably according 
to their availability. The brain does possess the 
capacity to utilise various substrates for metab-
olism to generate the energy requirements for 
its numerous needs. Such substrates include 
glucose, ketone bodies, lactate, glycerol, fatty 
acids, and amino acids. However, in  vivo the 
brain appears inflexible in substrate choice 
with glucose, by far, the primary source of 
energy.

The rate of brain glucose utilisation is esti-
mated as 31  μmol/100  g/min [12]. Carrier- 
mediated mechanisms account for the majority of 
glucose transport with only 4% of glucose enter-
ing via simple diffusion [9]. The transport of glu-

cose through cell membranes of neurons is not 
dependent on insulin.

Cellular respiration to metabolise glucose for 
energy release in the form of ATP occurs in two 
sequential phases. Glycolysis occurs in the cyto-
sol of cells without the influence of oxygen and 
results in the production of two molecules of ATP 
and pyruvate per molecule of glucose, the pyru-
vate being subsequently converted to lactate. 
Oxidative phosphorylation occurs on the inner 
mitochondrial membrane and, in the presence of 
oxygen, produces 36 molecules of ATP.  In the 
resting brain, aerobic metabolism accounts for 
99% of energy production and is directly related 
to glucose consumption [10].

Cerebral glycogen stores are limited to approx-
imately 0.3–0.4 μmol/100 g tissue [13] providing 
only a 2-min supply of glucose generated from 
glycogen in the neurons. Glucose deprivation 
results in aberrations of cerebral function with 
mental state changes from mild sensory distur-
bances to coma. These clinical effects, paralleled 
by abnormalities in EEG patterns and the CMR 
[12], are independent of decreased cerebral blood 
flow (CBF). In special situations, the energy needs 
of the brain may be partly fulfilled with substrates 
other than glucose. During starvation and ketosis, 
for example, ketone bodies (acetoacetate and 
β-hydroxybutyrate) become the major source of 
energy substrates [14].

In the brain, as in other tissues, glycolysis 
results in pyruvate that is subsequently converted 
into lactate. In some situations, such as immedi-
ately after injury, there may be a relative increase 
in glycolysis, termed “hyperglycolysis” that 
leads to increased lactate production [15]. The 
CMR for lactate depends on the balance between 
production, uptake, and disposal [16]. In humans 
the extent of lactate production is typically over-
looked because production is balanced by 
removal rate. However, the role of lactate may be 
under-appreciated. Lactate may have a signifi-
cant role in normal and pathophysiological states.

3.3.3  Neurometabolic Coupling

Lactate exchange, termed “lactate shuttle”, may 
occur among various cellular sites of produc-
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tion and removal [17]. It has been postulated 
that a similar process occurs in the brain [18]. 
Such exchanges among neurons and other cells 
depend on the metabolic rates within cells and 
on the extracellular environment influenced by 
cellular metabolism and vascular delivery and 
removal [19]. Cellular compartmentalisation of 
bioenergetics has been suggested with different 
phases occurring in different cell types [20]. 
Glucose in the cerebral circulation is thought to 
be primarily consumed anaerobically by astro-
cytes. The resultant lactate released into the 
extracellular space is thought to be consumed 
aerobically by neurons [21]. The close associa-
tion of astrocytes with capillaries and neuronal 
synaptic clefts allow them to crucially regulate 
neurometabolic coupling during neuronal activ-
ity by, for example, maintaining neurotransmit-
ter stores via the glutamine- glutamate cycle [5]. 
This is supported by distinct gene expression 
patterns and expressions of, for example, lac-
tate transporter proteins in astrocytes and neu-
rons. This coupling of neuronal activity to 
astrocytic glycolysis suggests a far more com-
plex cerebral bioenergetic process than previ-
ously considered.

3.4  Cerebral Blood Flow (CBF)

Total CBF in adults is approximately 50 ml/100 g 
tissue/min with a range of 50–60 ml/100 g/min 
[22]. Levels are usually higher in children and 
adolescents and decreases with age [23]. The 
flow varies to the different tissues with grey mat-
ter receiving 80 ml/100 g/min and white matter 
20  ml/100  g/min. Total CBF is thus approxi-
mately 750 ml/min (range 750–900) in an adult 
which constitutes 15–20% of the cardiac output. 
The brain does not tolerate any major drop in per-
fusion. A CBF of less than 20–25 ml/100 g/min 
can lead to cerebral impairment. Flows of 
15–20 ml/100 g/min cause a flat EEG, and any-
thing less than 10 ml/100 g/min will cause irre-
versible brain damage.

The CBF depends on the arterial blood pres-
sure, the intracranial pressure (ICP), or back 
pressure in the cerebral venous system, and the 
resistance of the small cerebral vessels. Cerebral 

vessels rapidly adapt to the chemical environ-
ment of the brain, neuronal signals and to pres-
sures within the vessels themselves. Maintenance 
of optimal CBF relies on the relationship between 
cardiovascular, respiratory, and neurological 
physiology [22].

3.4.1  Cerebral Metabolic Rate 
of Oxygen Consumption

The lack of significant brain storage capacity 
necessitates tight coupling of cerebral metabo-
lism, CBF, and oxygen extraction. Fick’s equa-
tion best describes this relationship:

 CMRO CBF AVDO2 2= ×  

(CMRO2  =  cerebral metabolic rate of oxygen; 
CBF  =  cerebral blood flow; AVDO2  =  arterio- 
venous difference of oxygen)

The CBF thus varies with brain metabolic 
activity (Fig. 3.6). Neurovascular and neuromet-
abolic coupling mechanisms enhance blood flow 
and utilisation of metabolism to compensate for 
varying energy demands throughout the brain 
[5]. Regional CBF is directly related to meta-
bolic activity in that area, e.g. moving an arm. 
Regional blood flow ranges from 10 to 
300  ml/100  g/min. This flow-metabolism cou-
pling or “functional hyperaemia” may be the 
most relevant of the CBF regulation mecha-
nisms, as cerebral tissue is among the least toler-
ant of ischemia [25].
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Fig. 3.6 Linear relationship between CBF and CMRO2 
(From Nordstrom et  al. [24]—Creative Commons 
Attribution 4.0 International License)
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3.4.2  Cerebral Perfusion Pressure

The pressure that supplies the cerebral vessels is 
dependent on arterial blood pressure, which in 
turn is dependent on factors outside the brain, 
namely cardiac output and the peripheral vascu-
lar resistance. Any physiological or pathological 
event affecting these factors has the potential to 
affect CBF. The CBF is also impaired by condi-
tions that increase ICP or impede cerebral venous 
outflow. Cerebral perfusion pressure (CPP) is 
therefore related to both the mean arterial pres-
sure and the back pressure, i.e. the higher of 
either ICP or CVP (central venous pressure):

 
CPP MAP ICP or CVP if higher= ( )–

 

The normal CPP is approximately 
80–100 mmHg. Levels of ICP >30 mmHg com-
promise CPP and CBF. Levels of CPP <50 mmHg 
demonstrate slowing on EEG, 25–40 mmHg pro-
duce a flat EEG, and <25 mmHg cause irrevers-
ible brain damage.

3.4.3  Autoregulation

Cerebral autoregulation is the homeostatic phe-
nomenon under normal conditions whereby cere-

bral vessel caliber is changed in response to 
changes in cerebral metabolism and/or CPP in 
order to regulate and maintain a constant CBF 
across a range of blood pressures. Cerebral vas-
cularity has the ability to rapidly adapt to changes 
within 10–60 s. A decreased CPP will cause cere-
bral vasodilation, whereas an increased CPP will 
lead to vasoconstriction.

The CBF is maintained at a constant level 
between mean arterial pressures (MAP) of 
60–160  mmHg. For MAPs outside these limits, 
CBF becomes pressure dependent (Fig.  3.7). 
Levels of MAP >150–160 mmHg can disrupt the 
blood–brain barrier (BBB) and may cause cere-
bral oedema or haemorrhage. In chronic hyper-
tensive patients, this curve is shifted to the right to 
offer protection to the higher arterial pressures.

The major site of active regulation is thought 
to be at the level of the arterioles because of the 
thick smooth muscle layer and the ability to rap-
idly constrict and dilate. Conversely cerebral 
veins and venules have a low density of smooth 
muscle cells and react to increases in pressure 
with increasing volume. In healthy individuals, 
this is most evident during neuronal activity 
which elicits a significant increase in CBF 
through vessel dilation. However, during isch-
aemic stroke or vasospasm, cerebral arteries con-
strict, causing a local increase in cerebral vascular 
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resistance and, by extension, a decrease in CBF 
[22].

Various mechanisms have been proposed to 
account for the changes in vascular tone of cere-
bral vessels. The myogenic mechanism proposes 
a response of vascular smooth muscle to trans-
mural pressure changes that occurs through arte-
rial membrane depolarisation, with a resultant 
change in the concentration of Ca2+ in the arterial 
wall [27]. The metabolic mechanism proposes 
that altered concentrations of vasoactive metabo-
lites (such as adenosine) resulting from initial 
blood pressure-induced changes in blood flow 
accounts for changes in vascular calibre [28]. In 
the neurogenic mechanism, perivascular neurons 
are proposed to have autoregulatory effects on 
cerebral arterioles via an extensive arborisation 
of perivascular nerves [29].

Neurovascular coupling, first described by 
Roy and Sherrington, refers to the relationship 
between local neural activity and subsequent 
changes in CBF [4]. The exact mechanism for 
this activity-coupled increases in  local CBF 
remains unclear. Glutamate release following 
synaptic transmission may be a key stimulus for 
neurovascular coupling through production of 
vasoactive metabolites which include arachi-
donic acid derivatives, adenosine, lactate and 
nitric oxide. These substances produce changes 
in intracellular calcium concentration in the 
smooth muscle fibres of the arterioles or capillar-

ies, altering the degree of vessel constriction 
[22]. Of these metabolites, nitric oxide (•NO) 
may play a key role [30]. Astrocytes are also 
thought to play a key role in regulating blood 
flow. The processes from these cells ensheath 
brain capillaries. During neuronal activation, 
Ca2+ release triggered at astrocytic end feet 
induces pathways downstream that regulate vaso-
dilation [31].

3.4.4  Extrinsic Regulatory 
Mechanisms

3.4.4.1  Respiratory Gas Tensions
Blood and CSF tension of respiratory gases affect 
cerebral blood flow (Fig. 3.8). Cerebral vascula-
ture is extremely sensitive to changes in PaCO2 
and levels between 20 and 60 mmHg are directly 
related to CBF. A decrease in PaCO2 constricts 
cerebral resistance vessels, while an increase 
leads to dilation. The CBF increases by 
1–2 ml/100 g/min per mmHg change in PaCO2. A 
70% increase in PaCO2 doubles CBF. Extracellular 
H+ concentration resulting from diffusion of 
PaCO2 probably plays an important role. Changes 
in CBF secondary to fluctuations in the pH of 
CSF and brain tissue occur immediately. PaCO2 
of <20 mmHg shifts the oxyhaemoglobin disso-
ciation curve to the left and may cause cerebral 
impairment. The PaO2 only influences CBF if 
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marked changes occur. Hyperoxia causes a mini-
mal decrease of approximately 10% in CBF, 
whereas PaO2 < 50 mmHg greatly increases CBF.

3.4.4.2  Temperature
The CBF changes by 5–7% per 1 °C change in 
temperature. Hypothermia decreases CMR and 
CBF.  Conversely, hyperthermia increases CMR 
and CBF. Between 17 and 37 °C, for every 10 °C 
drop in temperature, CBF halves. At 20  °C the 
EEG is isoelectric and with temperatures >42 °C 
neuronal cell injury can occur.

3.4.4.3  Viscosity
A decrease in haematocrit decreases the viscosity 
of blood, causing an increase in CBF but also 
decreasing the O2 carrying capacity. Conversely, 
an increase in haematocrit will cause a decrease 
in CBF. The ideal haematocrit still remains con-
troversial but is thought to be about 30% 
(30–34%).

3.4.4.4  Autonomic Influences
Intracranial vessels are innervated by both sym-
pathetic and parasympathetic fibres. Sympathetic 
activity causes vasoconstriction and leads to a 
decrease in CBF.  Conversely, parasympathetic 
activation causes vasodilation and increases 
CBF. This may play an important role in vaso-
spasm after brain injury or stroke. Sympathetic 
innervation arises from the superior cervical 
sympathetic ganglia in the neck and travels into 
the brain along with the cerebral arteries. Mild to 
moderate stimulation or transection will have lit-
tle effect. Blood flow autoregulation mechanisms 
can override the nervous system effects. Increased 
MAP caused by the sympathetic nervous system 
constricts large- and medium-sized arteries to 
prevent pressure reaching the smaller vessels. 
This can be preventative of vascular haemorrhage 
or “cerebral stroke”.

3.5  Blood–Brain Barrier

The preservation of normal brain activity requires 
a narrow and stable homeostatic environment. 
For this to occur, dynamic ion balance is needed, 

effective nutrient transport must occur and there 
must be a functional barrier to harmful mole-
cules, toxic substances, and infective agents at 
the interface of the CNS and circulatory system 
[33]. Key in achieving this is the BBB.

3.5.1  Structure and Function

The BBB is a tightly regulated boundary between 
the CNS and the peripheral circulation that con-
sists of three barrier layers: (1) a highly special-
ised endothelial cell layer separating blood and 
brain interstitial fluid, (2) the choroid plexus epi-
thelium forming the blood-cerebrospinal fluid 
(CSF) barrier, and (3) the arachnoid epithelium 
that separates blood from the subarachnoid CSF 
[34]. Loss of function of this barrier is a major 
pathophysiological mechanism in many neuro-
logical diseases.

Capillaries in the CNS consist of a single, 
non-fenestrated, continuous layer of special-
ised endothelial cells with each cell encircling 
the microcapillary. The endothelial cells are 
highly polarised with distinct apical and baso-
lateral compartments [35]. This polarity is 
demonstrated in the vital barrier properties that 
maintain the functioning and integrity of the 
BBB [36]. Substances from the microcapillary 
to the brain must travel either via the paracel-
lular or the transcellular route [37]. The endo-
thelial cells are nearly fused with tight junctions 
that form a barrier to ions and small hydrophilic 
molecules [38]. Tight junctions are composed 
of tight junction proteins such as occludin and 
claudin, adhesion junction proteins such as cad-
herin, junctional adhesion molecules and adap-
tor proteins such as zona occludens. CNS 
endothelial cells have limited vesicle-mediated 
transcellular movement (transcytosis) [39]. 
CNS endothelial cells use polarised cellular 
transporters for nutrient influx (e.g. glucose 
transporter 1) and efflux of toxins and meta-
bolic wastes via ATP-binding cassette trans-
porters [40]. CNS endothelial cells lack 
leukocyte adhesion molecules that prevent 
immune cell entry making the healthy brain 
immune- privileged [41].

P. D. Gopalan and A. de Castro



29

The endothelium is further surrounded by 
pericytes and astroglial foot processes forming 
an additional continuous stratum [34]. There is 
some distance between the endothelial cells and 
brain tissue around the penetrating vessels. These 
form the Virchow–Robin space in which perivas-
cular macrophages are found. The intimate con-
tact and functional interactions and signalling 
between neurons, microglia, pericytes, astro-
cytes, and blood vessels form a dynamic func-
tional unit, the neurovascular unit that is capable 
of rapid response to stressors (Fig. 3.9) [34, 37]. 
The basement membrane, a 30–40 nm thick lam-
ina encloses pericytes and endothelial cells and is 
closely adjacent to the astrocyte end feet sur-
rounding the cerebral capillaries. Astrocytes play 

a key role in maintenance of the BBB and homeo-
stasis of extracellular transmitters, ions, metabo-
lites, and water [34].

Areas of the brain such as the area postrema, 
pineal gland, and median eminence do not pos-
sess a BBB and are collectively termed the cir-
cumventricular organs. The barrier properties of 
such areas are significantly reduced so as to allow 
for easy transfer of molecules to and from the 
bloodstream [43].

The three BBB layers provide a physical and 
functional barrier affecting transport, meta-
bolic, and immunological functions in a 
dynamic manner. Factors determining transport 
across the BBB include the size, charge, lipid 
solubility, and degree of protein binding of sub-
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Fig. 3.9 Schematic representation of the neurovascular 
unit at the capillary level. The blood–brain barrier is com-
posed of several cell types and extracellular matrix mole-
cules in close association. Highly specialised and 
polarised endothelial cells, basal lamina, pericytes, and 
astrocyte end feet, which by wrapping the micro-vessel 
walls, establish communication with neurons in the neu-

rovascular unit. The neurovascular unit is important to 
maintain optimal brain function. Pericytes and astrocytes 
are important in barrier induction and maintenance. 
Microglia are CNS-resident immune cells. AQP—aqua-
porins; (Diagram by de Spohr, TCLS.  Adapted from 
Abbott, 2013). (From Dubois et  al. [42]—Creative 
Commons Attribution 4.0 International License)
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stances.  Lipid- soluble substances pass through 
via diffusion. The BBB is permeable to O2, 
CO2, and other gases such as helium, xenon, 
nitrogen, and anaesthetic agents. The BBB is 
also permeable to water. Ionised and large mol-
ecules enter the brain in a restricted and regu-
lated manner through the BBB. The BBB plays 
a role in CNS immunity by regulating the 
recruitment of leukocytes and innate immune 
elements. Loss of integrity of the BBB leaves 
the brain vulnerable to potentially harmful con-
centrations of substances. This may have a det-
rimental effect on brain homeostasis and 
neuronal signalling [37].

3.5.2  Transport of Glucose 
and Amino Acids

Essential polar molecules such as glucose, amino 
acids, and nucleosides cannot diffuse through the 
cell membrane and therefore enter via passive or 
secondarily active carrier-mediated influx. A 
family of glucose transporters (GLUT) is 
expressed by different cells. Endothelial cells of 
the microvasculature, astrocytes, and the choroid 
plexus express the insulin independent glucose 
transporter GLUT1 [34]. GLUT1 expression is 
upregulated by hypoglycaemia. The GLUT 4 
transporter is also expressed in the BBB. GLUT3, 
expressed in neurons, likely provides glucose 
uptake into neurons. This uptake bypasses the 
glucose lactate shuffle through astrocytes that 
provides lactate as an energy substrate [34]. A 
sustainable supply of essential amino acids across 
the BBB is dependent on specific solute carriers 
expressed in the endothelium. As part of brain 
protection, the BBB is largely impermeable to 
neuroactive substances, e.g. aspartate and 
glutamate.

3.5.3  Transport of Ions

Specific ion channels and transporters act to pre-
serve an optimal environment for synaptic and 

neural functioning. The BBB is largely imper-
meable to most ions thereby defending neural 
cells against significant variations in ion concen-
trations that may affect neuronal activity. 
Neuronal firing and synaptic transmission are 
associated with the influx of Na+ and Ca2+ and an 
increase in the concentrations of K+ and neu-
rotransmitters extracellularly. However, regu-
lated ionic movement maintains potassium 
concentration in the CSF and brain interstitial 
fluid at ~2.5–2.9 mM despite higher plasma con-
centration of potassium. The BBB is largely 
impermeable to ions such as Ca2+ and Mg2+. 
Astrocytes have an important role in maintaining 
brain extracellular environment despite continu-
ous neuronal activity [34]. Water moves freely 
with bulk flow but depends on the presence of 
aquaporins.

3.5.4  Transport of Macromolecules

The presence of certain proteins and peptide 
macromolecules in the brain can initiate cas-
cades that may lead to seizure activity, synaptic 
plasticity, and cell damage. Regulated move-
ment of such molecules across the BBB is thus 
vital. Endocytic vesicles provide the main 
delivery of large molecular weight proteins and 
peptide molecules across the BBB by the pro-
cess of transcytosis. Internalisation into the 
endothelial cell cytoplasm and exocytosis to the 
opposite pole accounts for transport of these 
molecules. This process may be receptor-medi-
ated, for example, with insulin or adsorptive-
mediated, for example, with cationised albumin 
[34].

Figure 3.10 summarises the movement of var-
ious substances across the BBB. The BBB can be 
disrupted by a multitude of factors including 
severe hypertension, tumours, stroke, trauma, 
infection, CO2, O2, and sustained seizure activity. 
In these situations, movement of the various sub-
stances becomes affected. Fluid movement, for 
example, becomes dependent on hydrostatic 
pressures more than osmotic gradients.
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3.6  Cerebrospinal Fluid

Within the rigid bony structure of the cranium, 
the brain is vulnerable to mechanical trauma. To 
protect the brain and spinal cord, it is suspended 
in a specialised extracellular fluid that fills the 
ventricular and subarachnoid spaces. This CSF 
serves many roles to preserve optimal nervous 
system functioning. The CSF has a protective 
purpose by preventing deformation and damage 
caused by acceleration and deceleration during 
head movement. The buoyancy effect of CSF is 
thought to reduce the effective weight of the 
brain to about 25 g. This allows the brain to main-
tain its density without compression of its blood 
supply. It also has a key role in maintaining 
homeostasis by regulating fluid and electrolyte 
composition, transporting essential molecules, 
removal of substances, and is proposed to be 
involved in brain development and health [45]. 
The CSF represents an alternate point of entrance 
and exit for some substances that are not able to 
cross the BBB.

3.6.1  Production and Secretion

The production of CSF mainly occurs within the 
choroid plexuses in the lateral, third and fourth 
ventricles. Some production also occurs in the 
ventricular ependymal cell linings. The choroid 
plexus, comprised of microvilli and granular 
meningeal protrusions that extend into the ven-
tricles, has a vast capillary network and filters 
plasma passively down a pressure gradient 
through the fenestrated capillary endothelium 
into the choroidal interstitial space. The epithelial 
cells of the choroid plexus are joined to the arach-
noid membrane cells by tight junctions, limiting 
passive flow of water and are referred to as the 
blood–CSF barrier.

Active transport is required for the ultrafiltrate 
of plasma from the choroidal interstitial spaces, 
across the choroidal epithelium into the ventricu-
lar space, a process regulated by carbonic anhy-
drase and other membrane ion carrier proteins. 
Facilitated by aquaporin I in the apical mem-
brane, water follows the osmotic gradient created 
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by ATP-dependent ion pumps transporting Na+, 
Cl−, K+, and HCO3− into the ventricles. CSF vol-
ume and composition is closely regulated by the 
bidirectional flow of ions facilitated by Na/K2/Cl 
co-transporters in the choroidal membrane. Fluid 
leaking from interstitial and perivascular spaces 
at extrachoroidal sites probably contribute mini-
mally to production of CSF.

The gap junctions found in the pial and epen-
dymal linings allow free diffusion between CSF 
and the extracellular space of the brain (ECSB). 
The CSF-ECSB may thus be considered a collec-
tive compartment with CSF playing an important 
part in homeostasis of the ECSB and brain tissue 
[46]. The variable distance of different cerebral 
tissues to the ECSB makes equilibration slow and 
transient differences may occur.

In a young, healthy adult, CSF is produced at 
a rate of about 400–600 ml/day which equates to 
approximately 21  ml/h. With a turnover rate of 
4–5 times/day, the total amount of CSF around 
the brain at any given time is about 150 ml, with 
one-sixth of this volume filling the ventricles and 
the rest suspended in the subarachnoid space 
around the brain and spinal cord.

The volume and composition of CSF is finely 
regulated by multiple factors that influence the 
production and secretion of CSF.  Autonomic 
innervation of the choroidal cells increases CSF 
secretion via cholinergic stimulation and con-
versely decreases secretion by sympathetic stim-
ulation. Raised ICP has a minimal influence on 
the rate of CSF production as long as the CPP is 
above 70  mmHg. The decrease of the pressure 
gradient will minimally decrease filtration and 
secretion of CSF to act as compensation for ris-
ing intraventricular pressure, but this capacity to 
adapt is limited and rapidly exhausted. However, 
when CPP drops to below levels of 70  mmHg, 
CSF secretion decreases because of reduced 
cerebral and choroid plexus blood flow. 
Monoamine and neuropeptides play a role in 
CSF secretion. Both atrial natriuretic peptide and 
arginine vasopressin have been shown to decrease 
secretion. Aquaporins, enzymes, and membrane 
carrier proteins involved with CSF are influenced 
by humoral regulation and acid base disorders. 
The activity of carbonic anhydrase is also influ-

enced by acid base disorders and carbonic anhy-
drase inhibitors. The production of CSF is 
decreased by several other pharmacological 
agents including corticosteroids, spironolactone, 
furosemide, isoflurane, and vasopressors [45].

3.6.2  Composition

CSF is mainly composed of water. The osmotic 
pressure of CSF approximates that of plasma. The 
hydrostatic pressure of CSF is 5–15 mmHg with a 
pH of 7.32. The composition of CSF differs greatly 
from plasma. Although CSF concentration of Na+ 
ions is similar to plasma, Cl− and Mg2+ concentra-
tions are higher, whereas K+ and Ca2+ concentra-
tions are lower. The osmolality of CSF is 
maintained by bulk flow of H2O molecules. Small 
amounts of plasma proteins, mostly albumin enter 
the CSF either via passing through epithelial cell 
junctions or via vesicular transport across the epi-
thelial cells at the choroid plexus. A minimal 
amount of protein can enter via extrachoroidal 
sites or via bulk flow from the extracellular space 
of the brain. CSF therefore has a protein concen-
tration that is much lower than that of plasma 
(0.025 g/100 ml versus 7 g/100 ml) [47]. The ratio 
of glucose levels in CSF to plasma is about 0.6 and 
the cell count is usually less than 5  cells/ml. 
Microglial cells constantly remove unwanted or 
damaged tissue into the extracellular cerebral 
space and CSF, thus also contributing to CSF com-
position. The presence of certain immunological 
tissues or leukocytes in the CSF indicates possible 
neural damage and/or inflammation.

The CSF contains other substances and micro-
nutrients including growth factor, vitamins B1, 
B12, and C, folate, B2-microglobulin, arginine 
vasopressin, nitric oxide (NO), peptides, pro-
teins, and other ions that are thought to contribute 
to tissue repair, giving merit to the proposed idea 
of CSF being a “nourishing liquor” [47]. This is 
true for many ions and some organic molecules 
found in CSF but not for macronutrients which 
are not able to pass into CSF.  The transfer of 
drugs via the CSF is finely regulated and depends 
mainly on size, charge, lipid solubility, and 
plasma protein binding of the drug.
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3.6.3  Circulation

CSF circulates continually around the brain and 
spinal cord to maintain homeostasis. It flows to 
the beat of the systolic pulse wave but is also 
affected to a lesser extent by respiratory waves, 
posture, and physical effort, and is assisted by 
beating ciliated ependymal cells.

The CSF flows from the lateral ventricles 
toward the cisterna magna. Through the intraven-
tricular foramen of Monro, CSF enters the third 
ventricle and exits via the aqueduct of Sylvia to 
the fourth ventricle. From here it passes to the 
cerebellomedullary cisterns via the lateral fora-
men of Luschka and the midline foramen of 
Magendie. Even though flow was previously 
thought to be unidirectional, oscillatory bidirec-
tional flow through the aqueduct of Sylvia, prop-
agated by the arterial pulse, respiration, and 
posture is now thought to occur [48]. These gen-
tle ebbs and flows create mixing of CSF. However, 
the net flow of about 0.4  ml/min still remains 
from the ventricles toward the basal subarach-
noid spaces. Multidirectional flow in the sub-
arachnoid space circulates CSF around the brain 
and spinal cord.

3.6.4  Absorption

Absorption of CSF into the bloodstream occurs 
mainly via the arachnoid villi, and to a lesser 
degree, through the lymphatic system. Arachnoid 
granulations are responsible for the absorption of 
CSF via a dynamic pressure gradient dependent 
process. Finger-like villi are present over the 
cerebral hemispheres and in the spinal nerve 
roots. These are endothelium lined protrusions 
that facilitate translocation of CSF through vesic-
ular passages into large venous sinuses that drain 
into the internal jugular system. Approximately 
85–90% of CSF absorption occurs in the cerebral 
villi, and the rest in the spinal arachnoid villi. 
Free flow of large particles and proteins includ-
ing red and white blood cells occur along a pres-
sure gradient, provided this gradient remains 
greater than about 3–5 mmHg [47]. In the event 
of raised CSF pressure above 7 mmHg, absorp-

tion of CSF increases. This is accomplished by 
the development of more arachnoid villi increas-
ing the surface area for absorption. Increased 
pinocytosis and opening of intercellular spaces 
also contribute to the increased absorption rate. 
As ICP increases, so does the absorption rate of 
CSF in a linear fashion up to an ICP of 30 cm H2O, 
at which point no further increase in absorption 
rate is possible. Conversely, increased venous 
pressure caused by obstruction, either of the 
internal jugular venous system or obstruction of 
villi in diseased states, decrease the pressure gra-
dient, thereby decreasing absorption of 
CSF. Posture is also thought to influence absorp-
tion rate to a minimal degree.

To a lesser extent, CSF is also absorbed 
through the nasal cribriform plate and along the 
nerve root sleeves of cranial and spinal nerves 
providing a direct route to the extracranial lym-
phatics. Experimental data suggest a possible 
alternate pathway involving the Virchow–Robin 
perivascular spaces found around penetrating 
arteries and veins which lead directly to the cer-
vical lymphatics [49]. As the brain and spinal 
cord lacks any lymphatic tissue, this process acts 
to return perivascular and interstitial protein to 
the blood.

3.6.5  Pathophysiology Related 
to Cerebrospinal Fluid

Inflammation and bleeding into the subarachnoid 
space can interfere with normal physiology and 
disruption of CSF homeostasis, resulting in 
altered secretion or absorption of 
CSF.  Subarachnoid haemorrhage (SAH) and 
intraventricular bleeding caused by the disrup-
tion of a vessel into the subarachnoid space may 
cause obstruction of CSF flow in the ventricles. 
Inflammation leads to scarring, and further 
obstruction of arachnoid granulations occur. The 
resulting hydrocephalus and raised ICP explain 
the classic symptoms of headache, nausea and 
vomiting, seizures, vision disturbances, and loss 
of consciousness or death associated with 
SAH. Analysis of CSF will demonstrate erythro-
cytes or visible xanthochromia.
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3.7  Intracranial Pressure

Intracranial pressure (ICP) refers to the pressure 
of the contents within the cranial vault. The ICP is 
a key determinant of the CPP. In many CNS dis-
ease states the contributing pathophysiology that 
results in brain death is as a result of cerebral 
oedema and intracranial hypertension. 
Understanding the changes in ICP in pathologies 
such as head trauma, subarachnoid haemorrhage, 
and intracranial tumours helps to better manage 
these conditions in the quest for better outcomes.

3.7.1  Volume/Pressure Relationship

The cranial vault is a rigid compartment with a 
fixed total volume consisting of the brain (80%), 
blood (12%), and CSF (8%). The Monro–Kellie 
hypothesis states if an increase occurs in the vol-
ume of one component, the volume of one or 

more other components must decrease, or ICP 
will be elevated. Physiological values of ICP 
range between 3 and 4 mmHg before the age of 
1 year, and between 10 and 15 mmHg in supine 
adults. Respiration and the cardiac cycle lead to 
cyclical variations in ICP.  The ICP also varies 
with body position and clinical conditions. 
Coughing, sneezing, and straining may tran-
siently increase ICP to 30–50 mmHg.

The capacity of the intracranial contents to 
adapt to volume changes is defined as brain com-
pliance (Fig. 3.11). Changes in the CSF and blood 
components are the initial buffer mechanisms to 
defend the ICP.  Compensatory CSF pressure 
changes are regulated at all levels including CSF 
displacement from cranial to spinal space, 
decreased CSF secretion and circulation, and 
increased CSF absorption. An increased intraven-
tricular pressure decreases the pressure gradient 
across the blood–CSF barrier at the choroidal 
plexus. Neuropeptides such as atrial natriuretic 
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peptide and arginine vasopressin decrease choroi-
dal secretion of CSF and cause pial artery dilation. 
Compensatory changes in the blood component 
are from a decrease in the total cerebral blood vol-
ume with the venous component primarily 
affected. Other CBF regulatory mechanisms are 
covered in the preceding section on CBF.

3.7.2  ICP Waves

As the brain floats in the CSF, cardiac and respi-
ratory pulse waves are transmitted intracranially 
to reflect a characteristic ICP waveform. The 
mean ICP is a reflection of the time average 
(Fig. 3.12a). Three components of the waveform 

are described: i) respiratory waveforms (0.1–
0.3  Hz) associated with the respiratory cycle, 
(2) pulse pressure waveforms that are equal to 
the heart rate, and (3) slow vasogenic wave-
forms (e.g., “Lundberg A and B waves”). The 
pulse pressure waveform generated by the arte-
rial pulse shows three distinct components 
(Fig.  3.12b). The percussion wave (P1) corre-
lates with the arterial pulsation that is transmit-
ted through the choroid plexus into the CSF. The 
P2 wave, also called the tidal wave, indirectly 
represents cerebral compliance as it is thought 
to be the arterial pulse wave reflecting off the 
brain parenchyma. The dicrotic wave (P3) 
reflects the pressure transmitted as a result of 
the aortic valve closure. All these waves are 

W1: Waveform generated by arterial pulse

W2: Waveform generated by respiratory cycle
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rarely more than 4  mmHg in amplitude, or 
10–30% of the mean ICP. The ICP wave is usu-
ally in synchronisation with the QRS complex 
on the ECG or the arterial waveform on an inva-
sive arterial line.

The ICP waveform changes with any compro-
mise of intracranial compliance. Lundberg first 
described the change in morphology in the global 
ICP waveform, observing three patterns [50]. 
(Fig. 3.13)

• Lundberg “A” or plateau waves: periodic steep 
ramp, large amplitude (up to 50–100 mmHg) 
increases in ICP that persist for 5–20  min 
before returning to baseline. These waves can 
be observed in healthy asymptomatic individ-
uals, but their long-term presence may be 
indicative of decreased CPP and poor 
prognosis.

• Lundberg “B” waves: periodic, self-limited 
ICP increases of 20 to 50  mmHg lasting 
1–2 min. These waves are related to changes 
in physiological or pathological CBF and may 
be due to cerebral vasospasm. They can prog-
ress to “A” waves.

• Lundberg “C” waves: periodic, self-limited 
ICP increases of 20  mmHg occurring with a 
frequency of 4–8 per minute. They may result 
from the transmission of arterial pressure waves 
and have no pathological significance [52].

Data from ICP recordings usually provide a 
global view of intracranial status. Such data need 
to be interpreted in conjunction with other gen-
eral patient data and cerebral oxygenation and 
metabolic status from healthy and pathological 
territories of the CNS.

3.7.3  Increased ICP

The two main mechanisms of injury from 
increased ICP are cerebral ischemia and brain 
herniation. A level of ICP persistently raised 
above 15 mmHg is considered intracranial hyper-
tension. Such a level decreases the CPP, and if 
prolonged, leads to focal and global ischaemia. 
High ICP (HICP) can cause secondary brain 
injury and death. HICP, traditionally defined as 
ICP > 20 mmHg, has been redefined as 22 mmHg 
[53]. However, a single threshold is controver-
sial. Time spent above a threshold and its inten-
sity (“ICP dose”) may be more important than the 
single threshold value [54]. Prolonged exposure 
to ICP values below the threshold may also be 
associated with poor outcomes [55]. If CPP is 
critically low, for example, as a result of a very 
low MAP, the utility of ICP for outcome predic-
tion becomes limited.

Severe and sustained increases in ICP may 
lead to herniation of brain matter with resultant 
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syndromes related to the sites of herniation, for 
example, transtentorial herniation of the uncus of 
the temporal lobe downwards through the tento-
rium, subfalcine herniation of the cingulate gyrus 
beneath the free edge of the falx cerebri and the 
potentially fatal tonsillar herniation of the cere-
bellar tonsils through the foramen magnum.

3.7.4  Intracranial Pressure Monitors

Various methods are available to measure intra-
cranial pressure. Such methods may be broadly 
considered as invasive and non-invasive. 
Although non-invasive techniques minimise the 
risk of complications, invasive methods are still 
considered to be superior in accuracy [51].

3.7.4.1  Invasive Techniques
Invasive techniques measure intracranial pres-
sure through fluid-filled systems or transducer- 
tipped catheters and can be used in a variety of 
anatomical locations including intraventricular, 
intraparenchymal, subarachnoid, subdural or epi-
dural spaces (Fig. 3.14).

External Ventricular Drainage (EVD)
Fluid-filled systems include the widely used and 
generally accepted gold standard technique of 
external ventricular drainage (EVD) [56]. The 
inexpensive catheter device placed through a burr 
hole into a ventricle has the added benefit of 

allowing drainage of CSF and can be recalibrated 
in vivo. It carries a risk of bleeding and infection. 
Trauma can be caused during insertion and these 
devices are prone to leaking and blockage [57].

Implantable Microtransducer ICP 
Monitoring Devices
Transducer-tipped catheters are directly placed in 
the intraventricular, intraparenchymal, subarach-
noid or epidural space [56]. The most commonly 
used compartment is the parenchymal space. These 
devices are simpler to insert and not affected by 
blockage as with EVD systems. Bleeding and infec-
tion remain concerns. These devices are considered 
to be as accurate as EVDs, however, a significant 
disadvantage is that they have a higher cost and no 
recalibration is possible after placement [56]. Strain 
gauge, fibre-optic, microchip, and pneumatic sensor 
microtransducer devices are available. Fibre-optic 
devices transmit pressure dependent light through a 
fiberoptic cable to a movable mirror. The degree of 
movement of the flexible mirror changes the prop-
erties of the reflected light which is then translated 
into an ICP value [58]. Strain gauge devices calcu-
late the change in resistance in the transducer in 
response to intracranial pressure [58]. Newer 
implantable devices are capable of telemetric ICP 
measurement wirelessly. These can be left in for 
several months with limited drift and may monitor 
ICP under normal daily living conditions in outpa-
tient settings. The clinical use of such devices 
remains to be established.
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Fig. 3.14 Potential sites 
for invasive monitoring 
of intracranial pressure. 
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Other Devices
Subarachnoid screws, bolts or catheters employ 
fluid-filled systems placed directly in the sub-
arachnoid compartment. These devices are less 
prone to trauma and infection but tend to underes-
timate ICP [58]. Epidural and subdural devices 
are easier to insert and carry a lower risk of infec-
tion than EVDs. They, however, have low accu-
racy with sensor drift and cannot be calibrated 
in vivo. These devices are seldom used currently.

3.7.4.2  Non-Invasive Techniques
Non-invasive techniques in general measure 
physiological variables that indirectly correlate 
with ICP.  Such techniques have less complica-
tions but are not as accurate as invasive techniques 
and are therefore not advocated for routine use.

Various non-invasive monitoring methods 
have been described [51, 56]. Transcranial 
Doppler Ultrasonography (TCD) measures the 
blood flow velocity in the middle cerebral artery. 
This technique requires training and experience 
and has significant intra- and inter-observer vari-
ability. Tympanic Membrane Displacement 
(TMD) measures the movement of the tympanic 
membrane caused by stimulation of the stapedial 
reflex. Optic Nerve Sheath Diameter (ONSD) is 
an affordable and efficient method but also 
requires training and is subject to intra-and inter- 
observer variability. Fundoscopy and observation 
of papilloedema is a subjective assessment. As 
papilloedema takes some time to develop it is not 
applicable in the acute setting and other causes of 
papilloedema should also be considered [56].

The choice of ICP monitor should be made on 
a case-by-case basis. Specific consideration 
should be given to the specific pathology and risk 
of bleeding of the patient as well as the accuracy 
and cost of the chosen technique and the possible 
mechanical problems of specific devices.

3.8  Conclusion

A clear and detailed understanding of central 
neurophysiology is essential to better appreciate 
the pathophysiology of subarachnoid haemor-
rhage. The complex components of the nervous 

system and their intricate interactions form the 
cornerstones of such an understanding. The 
essential electrophysiology, the balance of cere-
bral metabolism and blood flow, the importance 
of the blood–brain barrier, the complexity of 
cerebrospinal fluid, and the impact of intracranial 
pressure all serve to form a firm foundation in the 
study of brain pathologies.
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4.1  Introduction

Neuroprotection is a term used to describe inter-
ventions and strategies that are used to slow the 
progression of neuronal injury. The aim is to dis-
rupt the metabolic and biochemical events that 
lead to neuroinflammation and nerve cell death. As 
the primary insult occurs almost instantaneously, 
neuroprotective measures mitigate secondary 
injury by modifying the cellular response to isch-
emia and energy deprivation; thereby leading to an 
improved neurological outcome. The pathological 
processes leading to secondary brain injury that 
need to be targeted include neuroinflammation, 
microthrombosis, generation of reactive oxygen 
species, mitochondrial dysfunction, and excitotox-
icity. These lead to cell injury and death by apop-
tosis and cytoskeletal proteolysis [1].

4.2  Primary and Secondary 
Brain Injury

Causes of subarachnoid hemorrhage vary from 
spontaneous rupture of cerebral aneurysm and 
bleeding from an arteriovenous malformation to 
trauma-induced hemorrhage. In all cases this can 
lead to an increase in intracranial pressure sec-
ondary to the mass effect of blood or secondary 
to the development of acute hydrocephalus. This 
increase in intracranial pressure leads to a reduc-
tion in cerebral perfusion pressure, with conse-
quent ischemic neuronal damage. Primary brain 
injury occurs at disease onset and usually outside 
the hospital, and thus cannot be prevented.

A cascade of secondary pathophysiologic 
events follows (Fig. 4.1), including:

 1. Disruption of the blood–brain barrier.
 2. Neuroinflammation.
 3. Oxidative cascades.

Various mediators of these processes have 
been studied and are targets for the prevention of 
secondary brain injury.

The distinction between primary and sec-
ondary insults as described for tramatic brain 
injury (TBI), is not as clearly appreciated in 
subarachnoid hemorrhage; the initial is closely 
associated with subsequent injury. The 
sequence of events that occur before the onset 
of delayed vasospasm is collectively referred 
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to as early brain injury; delayed brain injury 
occurs after the onset of cerebral vasospasm 
(delayed cerebral ischemia (DCI)). Recent 
research has led to the understanding that 
 reversing vasospasm alone does not lead to 
better outcomes and thus many neuroprotective 
strategies are designed to treat early brain 
injury in addition to preventing or treating 
delayed cerebral ischemia [2].

4.3  Neuroprotective Strategies

Despite advancements in neuroscience in recent 
years, evidence supporting currently used neuro-
protective strategies is still lacking, and many 
proposed strategies have conflicting evidence 
behind them. Many of these strategies show some 
benefit in experimental trials (mainly animal 
studies) but not in human studies [3]. The main 
difficulty appears to be related identifying appro-
priate therapeutic targets, as the process leading 
to the injury is complex and yet not fully 
understood.

4.3.1  General Measures

4.3.1.1  Cerebral Perfusion
Effective cerebral perfusion (flow) relies on the 
balance between the pressure of blood entering 
the cranial cavity, and the pressure within that 
cavity. The mean arterial pressure (MAP) as a 
function of both systolic and diastolic pressure 
dynamics is counteracted by the intracranial 
pressure (ICP). The product is the cerebral perfu-
sion pressure (CPP).

 CPP MAP ICP= -  

In health, the brain can autoregulates the cere-
bral blood flow by mitigating or augmenting 
transmission of the MAP to the brain. This is pre-
dominantly a vascular tone phenomenon, medi-
ated by local myogenic factors in cerebral blood 
vessels, produced in response to cerebral flow 
needs. Other factors affect the vasomotor tone of 
cerebral blood vessels; in particular, carbon diox-
ide levels have a powerful influence on vasocon-
striction and vasodilatation of cerebral blood 
vessels. In disease states of the brain, including 

• SAH

• Ischemia

• Mechanical damage

• Energy deprivation

• Neuroinflammation

• Micro-thrombosis

• Oxidative stress

• Mitochondrial dysfunction

• Excitotoxicity

• Axonal damage

• Apoptosis

• Cytoskeletal proteolysis

Fig. 4.1 Possible 
pathophysiological 
mechanisms of 
secondary brain injury 
after subarachnoid 
hemorrhage. (Courtesy 
of Dr. Yasir)
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aneurysmal SAH, the ability of the brain to adjust 
the volume of blood entering the brain is often 
lost, and the CPP becomes directly proportional 
to cerebral flow (CBF) [4]. For more details 
please refer to Chap. 3 (central nervous system 
neurophysiology). For the purposes of neuropro-
tection, it is evident that, in the presence of a con-
tinuously bleeding blood vessel, the cerebral flow 
should be minimized. Thus, we divide neuropro-
tection into two phases: pre- and post-securing of 
the aneurysm.

Pre-securing of the aneurysm, it is important 
to provide adequate cerebral perfusion while 
avoiding the risk of excess blood loss or re- 
bleeding from the aneurysm. The bleeding is usu-
ally arrested after the initial event due to local 
coagulation dynamics, but high pressures trans-
mitted to the brain can cause re-bleeding from the 
damaged blood vessel. This usually occurs from 
2 to 10  h after the sentinel event. Although it 
would thus seem sensible to reduce the systemic 
blood pressure, there is evidence that hypoten-
sion in aneurysmal SAH may worsen outcomes 
[5] Evidence for a specific target systolic blood 
pressure to reduce the re-bleeding risk is limited. 
Based on the existing literature, it is standard 
practice to limit the systolic blood pressure to 
less than 160 mmHg in an un-secured aneurys-
mal SAH [6, 7].

Post-securing of the aneurysm, systolic blood 
pressure targets may be relaxed. The primary 
concern in the 10–14 days following the sentinel 
event is delayed cerebral ischemia due to cerebral 
vasospasm. The patient needs to be monitored 
closely for evidence of delayed cerebral ischemia 
(DCI). In good grade aSAH, the best monitor is 
clinical examination; a drop of GCS of two points 
or more is considered significant, although more 
subtle signs may be present [7]. In poorer grades, 
bedside tools such as regular measurement of 
middle cerebral artery velocities with transcra-
nial Doppler (TCD) may be employed, although 
evidence for their effectiveness is lacking [8] 
There is currently little evidence for empirically 
augmenting the mean arterial pressure to provide 
any given cerebral perfusion pressure to prevent 
cerebral vasospasm and delayed cerebral isch-
emia. Maintaining a “normal” cerebral perfusion 

pressure of 60–70 mm Hg is cited as a reasonable 
target [9] In patients without an intracranial pres-
sure monitor in situ, a mean arterial pressure tar-
get of 80–90 mmHg should ensure an adequate 
CPP. However, there is evidence that, should DCI 
develop, a target CPP of 80-120 mmHg may be 
effective at reversing the vasospasm [2]. Targets 
should be individualized depending on resolution 
of symptoms of DCI.

4.3.1.2  Normoxia and Normocapnia
Despite it’s relatively small size (around 2% of the 
total body weight), the brain has a very high, 
accounting for only around 2% of the total body 
weight, its well known that the brain has a very 
high basal metabolic rate (approximately 
3.5 ml/100 g brain/min) [10]. This is better under-
stood when compared to the total body oxygen 
consumption. The total oxygen consumption by 
the entire brain (an average weight of 1400 grams) 
is around 50 ml/min which accounts for 20% or 
one fifth of the total body oxygen consumption 
(250 ml/min) [11]. There is no doubt that maintain-
ing tissue oxygenation is vital for normal cellular 
function and that hypoxia is harmful and could be 
fatal; therefore, providing supplementary oxygen 
plays a major role in the management of critically 
ill patients in whom hypoxia is more likely to cause 
detrimental effects. On the other hand, it should not 
be assumed that providing extra oxygen (hyper-
oxia) is beneficial or that the injured tissues will be 
able to utilize this extra oxygen; and the side effects 
of having such high oxygen levels should not be 
overlooked. Having high levels of oxygen can actu-
ally cause direct tissue injury by producing reactive 
oxygen species (ROS) and stimulating the inflam-
matory response leading to cellular death by apop-
tosis. A retrospective cohort study by Davis et al. in 
2009 which included 3420 patients with moderate 
to severe traumatic brain injury showed that main-
taining a partial pressure of oxygen (PaO2) value of 
110–487 mmHg is optimal and a higher PaO2 value 
was associated with a decreased survival rate, 
Fig. 4.2 [13]. Another retrospective study (Brenner 
et al. in 2012) included 1547 patients with severe 
TBI and found that both hypoxia and hyperoxia 
were associated with an increased mortality rate; 
but patients with hyperoxia had a higher in-hospital 
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mortality and lower Glasgow coma scales on dis-
charge [14]. A more recent observational retrospec-
tive study conducted by Jeon et al. in 2014 included 
252 patients with subarachnoid hemorrhage, and 
linked hyperoxia to a higher incidence of delayed 
cerebral ischemia. Hyperoxia was also associated 
with a worse neurological outcome at 3  months 
after the SAH [15]. Thus, while the optimal level of 
PaO2 remains unclear, it should be remembered 
that maintaining levels higher than the physiologi-
cal range has been associated with poor outcome.

As noted in previous chapters, the effect of 
CO2 levels on vascular reactivity in the brain can 
be profound. Manipulation of the PaCO2 is com-
monly utilized in the setting of raised intracranial 
pressure; changes in CO2 levels have real-time 
effects on cerebral blood flow [16]. For more 
details please refer to Chap. 3.

4.3.1.3  Therapeutic Hypothermia
It is well established that mild therapeutic hypo-
thermia improves neurological outcome after car-

diac arrest due to ventricular fibrillation [17]. 
However, there are very few human studies exam-
ining the effect of therapeutic hypothermia in 
patients with subarachnoid hemorrhage. 
Kuramatsu et  al. found that early (<48  h after 
ictus), mild (35  °C) and prolonged (7 ± 1 days) 
therapeutic hypothermia was associated with a 
reduced degree of macrovascular vasospasm and 
significantly decreased occurrence of DCI (87.5% 
in non-therapeutic hypothermia vs 50% in thera-
peutic hypothermia group). Additionally, favor-
able functional outcomes at 6  months (modified 
Rankin scale score of 0–2) were twice as likely in 
the therapeutic hypothermia group (66.7%) versus 
the non-therapeutic hypothermia group (33.3%) 
[18]. Choi et al. studied the safety and feasibility 
of mild therapeutic hypothermia (core body tem-
perature <36  °C for >95% of a 48-h treatment 
period) in poor grade (Hunt and Hess Scale 4,5 
and modified Fisher Scale 3,4) subarachnoid hem-
orrhage patients following successful aneurysm 
control. They reported that fewer patients in the 
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therapeutic hypothermia group suffered symptom-
atic vasospasm and DCI, although these differ-
ences were not statistically significant. They 
reported good-to-moderate functional outcomes 
(0–3 modified Rankin Scale) at 3  months post 
study in 54.5% of the therapeutic hypothermia 
group compared with 9% in the control group 
[19]. Both studies agree that larger studies are 
required to provide conclusive evidence for the 
support of routine therapeutic hypothermia in the 
management of subarachnoid hemorrhage.

4.3.1.4  Prevention of Fever
Core temperatures of ≥38.3 °C (101 °F) occur in 
up to 72% of patients with aneurysmal SAH, 
have been linked to negative outcomes [20]. 
Andrews et  al. published a consensus opinion 
regarding Targeted Temperature Management 
(TTM) for subarachnoid hemorrhage, intracere-
bral hemorrhage (ICH), and acute ischemic 
stroke (AIS) patients. They opined that fever and 
shivering should both be controlled by TTM. They 
proposed that the target temperature for patients 
who develop neurogenic fever is 
37.0 ± 0.5 °C. TTM should be maintained for as 
long as there is potential for secondary brain 
damage, and there should be advanced TTM 
methods to enable precise temperature control 
[21]. Most evidence on fever prevention in 
patients in critical care is observational in nature 
and the exact role that fever plays in causing sec-
ondary brain injury is unclear. Results from The 
Impact of Fever Prevention in Brain Injured 
Patients Study (NCT02996266) are awaited.

4.3.1.5  Glycemic Management
Multiple studies have shown that patients with 
hyperglycemia on admission for SAH develop 
DCI and cerebral infarction more often than 
patients with normal blood glucose levels. 
Furthermore, aneurysmal SAH patients with pre- 
existent diabetes mellitus are at an increased risk 
of DCI compared with aneurysmal SAH patients 
without pre-existent diabetes mellitus [22]. 
Fontera et al. as part of an SAH outcomes project 
prospectively studied the glucose burden (GB) in 
580 patients admitted with spontaneous 
SAH.  They found that GB was associated with 

increased intensive care unit length of stay, con-
gestive heart failure, respiratory failure, pneumo-
nia, and brain stem compression from herniation. 
After adjusting for Hunt–Hess grade, aneurysm 
size and age, GB was an independent predictor of 
death or severe disability [23]. The Neurocritical 
Care Society’s Multidisciplinary Consensus 
Conference panel agreed that extreme systemic 
hyperglycemia is a marker of severity of SAH as 
well as a risk factor for infection. They also 
expressed concern that patients being treated with 
insulin infusions may have inappropriately low 
cerebral glucose concentrations, which could go 
undetected due to the limited availability and use 
of cerebral microdialysis catheters (to measure 
cerebral glucose and other cerebral metabolic cri-
sis) in clinical management. They recommended 
that hypoglycemia (serum glucose <80  mg/dl) 
should be avoided, that serum glucose should be 
maintained below 200  mg/dl, and that (if avail-
able) microdialysis-guided serum glucose adjust-
ment may avoid low cerebral glucose [24].

4.3.1.6  Dysnatremia and Sodium 
Management

Low serum sodium (hyponatremia) is seen in 
almost 56.6% of SAH patients, and is more com-
mon post aneurysmal rather than non-aneurysmal 
SAH.  The etiopathology includes syndrome of 
inappropriate ADH secretion (SIADH), cerebral 
salt wasting syndrome, and glucocorticoid defi-
ciency [25]. Hyponatremia may be an indepen-
dent risk factor for poor outcome. Hyponatremia 
and associated hypotonicity result in a shift of 
water from the extracellular to intracellular space, 
thereby worsening cerebral edema and intracra-
nial hypertension, increasing risk of seizures and 
neurological injury. Natriuresis and volume con-
traction may exacerbate vasospasm and DCI [26]. 
Determination of the cause of hyponatremia 
includes clinical examination and biochemical 
hormone measurement. Comprehensive electro-
lyte and fluid balance monitoring on a daily basis 
may ensure early detection and efficient manage-
ment. The Neurocritical Care Society expert panel 
[24] recommends vigilant fluid balance manage-
ment as the foundation for monitoring intravascu-
lar volume status. There is no particular 
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recommendation for the type of monitoring tech-
nology to be used. They advised that central 
venous lines should not be placed solely to obtain 
CVP measurements and that fluid management 
based solely on CVP measurements is not recom-
mended. Routine use of pulmonary artery cathe-
ters is also not recommended. There was a broad 
agreement that hypovolemia was to be avoided 
following SAH.  Studies have, however, showed 
no benefit with prophylactic hypervolemia, which 
has been associated with an increased risk of car-
diopulmonary complications. They recommend 
that intravascular volume management should tar-
get euvolemia and that prophylactic hypervolemia 
should be avoided. Isotonic crystalloid is the pre-
ferred agent for volume replacement. In patients 
with persistent negative fluid balance, the use of 
[24] fludrocortisone or hydrocortisone may be 
considered. Prospective randomized controlled 
trials on the use of fludrocortisone and hydrocor-
tisone to prevent hyponatremia in SAH suggest 
that their use may reduce the amount of fluid 
required to maintain euvolemia [24].

While there exists support for the use of fludro-
cortisone and hydrocortisone in patients with 
excessive diuresis, there is a concern about the 
impact of high dose hydrocortisone on glucose 
management. Overall both corticosteroids are 
consistently effective in limiting natriuresis and 
hyponatremia when started early after the onset of 
SAH. Use of corticosteroids is associated with an 
increased incidence of hyperglycemia and hypo-
kalemia, both of which were treatable. Vasopressin 
receptor antagonists such as conivaptan are effec-
tive for the treatment of hyponatremia associated 
with euvolemic or hypervolemic conditions, and 
in hyponatremic SAH patients. They can, how-
ever, produce a significant rise in urine output 
raising a concern about intravascular volume con-
traction, especially in the setting of DCI [24].
Generally, the trigger used for treatment of hypo-
natremia is serum sodium concentration 
<135  mEq/l or if neurological deterioration is 
attributed to falling sodium concentration. Fluid 
restriction should not be used to treat hyponatre-
mia. Mild hypertonic saline solutions can be used 
for correction. Free water intake via intravenous 
and enteral routes should be limited [24].

4.3.1.7  Seizure Prophylaxis
Clinical seizures are often due to aneurysm re- 
rupture in patients with un-secured aneurysm 
rather than the initial aneurysm rupture. Risk fac-
tors include surgical aneurysm repair in patients 
>65 years of age of age more than 65 years, thick 
subarachnoid clot and possible intraparenchymal 
hematoma or infarction. While prophylactic anti- 
convulsant use was common, studies have shown 
worsened long-term outcomes. However, most of 
these studies used phenytoin and outcome with 
another anti-convulsant use is not clear [24]. The 
Neurocritical Care Society expert panel stated 
that the routine use of prophylactic anti- 
convulsant prophylaxis with phenytoin is not rec-
ommended while the use of other anti-convulsant 
agents may be considered. If used, short duration 
(3–7 days) is recommended. In patients who suf-
fer a seizure after presentation, anti-convulsant 
should be continued for a duration defined by 
local practice (no evidence base supporting the 
duration). Continuous EEG monitoring should be 
considered in patients with poor-grade SAH who 
fail to improve or who have neurological deterio-
ration of undetermined etiology; non-convulsive 
status epilepticus should be excluded [24].

4.3.1.8  Anemia
Anemia is common after subarachnoid hemor-
rhage. A secondary analysis of 413 SAH patients 
in the CONSCIOUS-1 study (Clazosentan to 
Overcome Neurological Ischemia and Infarction 
After Subarachnoid Hemorrhage) found that 
Hemoglobin <10  g/dl was present in 5% of 
patients at presentation, 29% of patients after 
aneurysm securing (days 1–3) and in 32% of 
patients during the peak delayed cerebral isch-
emia risk period (days 5–9). Anemia after aneu-
rysm securing and during the delayed cerebral 
ischemia window was independently associated 
with poor neurological outcomes; anemia post- 
aneurysm securing but not during the delayed 
cerebral ischemia window was associated with 
death. The same study (using propensity score- 
matched cohorts) found that transfusion of ane-
mic patients did not improve long-term outcome 
or mortality rates. However, transfusion of 
patients with Hemoglobin <10  g/dl was associ-
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ated with improved neurological outcomes with 
no differences in mortality [27]. A retrospective 
review of 421 consecutive patients with SAH, 
admitted to a neurocritical care unit after surgical 
occlusion of their ruptured aneurysm, concluded 
that blood transfusions are associated with unfa-
vorable outcome after SAH, particularly when 
DCI is absent. However, when DCI is present, red 
blood cell transfusion may help improve outcome 
[28]. The results of the Aneurysmal Subarachnoid 
Hemorrhage-Red Blood Cell Transfusion and 
Outcome (SAHaRA) (NCT02483351)—A pilot 
Randomized Controlled trial is awaited.

4.3.1.9  Nutrition
Resolution of inflammation in SAH can be a poten-
tial therapeutic target to prevent secondary injury. 
Omega 3 fatty acids such as Eicosapentaenoic acid 
(EPA) and Docosahexaenoic acid (DHA) are pre-
cursors of key mediators involved in resolution of 
inflammation and endogenous neuroprotection. 
EPA is also involved in microvascular function. 
DHA is widely distributed in membrane phospho-
lipids and is abundant in brain and retinal tissue. It 
is an essential component of neuronal membrane 
architecture, composition and promotes selective 
accumulation of Phosphatidyl serine which is 
involved in intracellular signal events. DHA is also 
a precursor for Docosanoids and other important 
bioactive compounds needed for normal neuronal 
function, tissue homeostasis, and neuronal 
survival.

There are increased levels of free DHA in CSF 
after SAH which is likely because DHA was 
cleaved from membrane phospholipids by either 
direct structural damage or an increase in phos-
pholipase A2 activity in response to neuroinflam-
mation. Increased consumption of DHA by the 
brain may occur following SAH due to increased 
generation of neuroprotective derivatives [29]. A 
small pilot trial examining the impact of long 
chain omega 3 fatty acids in aneurysmal SAH 
suggested that the intervention group did not suf-
fer from increased post-operative intracranial 
bleeding complications and did not suffer unex-
pected harm. Larger trials would be required to 
show any outcome changes in SAH patients who 
are given omega 3 fatty acids [30].

4.4  Specific Pharmacological 
Measures

4.4.1  Corticosteroids

The neurocritical care society expert panel [24] 
recommends that early treatment with hydrocorti-
sone or fludrocortisone may be used in acute SAH 
to limit natriuresis and hyponatremia. However, 
no clear evidence exists in terms of outcome 
improvement. Hypothalamic dysfunction appears 
to occur acutely in a minority of patients with 
SAH.  The diagnosis should be considered in 
patients who are unresponsive to vasopressors. 
Administration of stress dose steroids for patients 
with vasospasm and un- responsiveness to induced 
hypertension may be considered. Steroids (mostly 
dexamethasone) have been studied for their 
potential studied for its potential anti-inflamma-
tory role in SAH patients. The mechanisms are 
poorly understood and though to be related to 
general interruption of inflammatory processes. 
Multiple studies showed mixed results and sam-
ple sizes are too small to draw firm conclusions. 
Although some evidence does exist for potential 
improvement in long-term functional outcomes, 
the studies are small [31], a Cochrane review con-
cluded that no clear evidence existed for benefit or 
harm of steroid use in the acute management of 
SAH patients [32]. Thus, administration of high 
dose corticosteroids is not recommended in acute 
SAH as use of high dose steroids in patients with 
neurocritical illness can cause serious adverse 
effects, increased mortality and no benefit.

4.4.2  Calcium Channel Antagonists

Studies have shown that calcium channel antago-
nists may prevent or reverse vasospasm, and have 
neuroprotective properties. A Cochrane review 
found that calcium channel antagonists reduce the 
risk of poor outcome and secondary ischemia after 
aneurysmal SAH.  The results for poor outcome 
depend largely on a single large trial of oral 
Nimodipine. The evidence for other calcium antag-
onists is inconclusive. Given the potential benefits 
and modest risk of treatment, oral Nimodipine is 
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currently indicated in patients with aneurysmal 
SAH. Intravenous administration of calcium chan-
nel antagonists cannot be recommended for routine 
practice based on present evidence [33].

4.4.3  Statins

Statins inhibit 3 hydroxy-3 methylglutaryl coen-
zyme A reductase and block the formation of mev-
alonate which is an important precursor for both 
cholesterol and other non-sterol products. Statins 
have a good safety record and have several poten-
tial beneficial effects after SAH, including cere-
bral blood flow enhancement, raised cerebral 
endothelial nitric oxide synthase expression, 
improved endothelial function, and protection 
against ischemia. Some studies have reported 
reduced vasospasm, delayed ischemic neurologi-
cal deficit and mortality [34]. A 2008 meta- analysis 
by Sillberg et al. supported these conclusions, but 
a 2009 meta-analysis by Vergouwen and col-
leagues did not find any evidence to support the 
beneficial effects of statins in SAH.

In view of contrasting evidence, a multicenter 
randomized controlled trial—the STASH 
(Simvastatin in Aneurysmal Subarachnoid 
Hemorrhage) trial recruited 803 patients 
18–65 years of age with confirmatory evidence of 
aneurysmal SAH.  Patients presenting less than 
96 h from ictus were recruited and randomized to 
receive either simvastatin 40 mg or placebo once 
a day for up to 21 days. The primary outcome of 
the trial was distribution of modified Rankin 
Scale (mRS) score at 6 months. The STASH trial 
did not detect any benefit in the use of simvas-
tatin for long-term or short-term outcome in 
patients with aneurysmal subarachnoid hemor-
rhage. The authors of the trial concluded that 
patients with subarachnoid hemorrhage should 
not be routinely treated with simvastatin during 
the acute stages [35].

4.4.4  Magnesium

Magnesium is a non-competitive calcium antago-
nist with potential neuroprotective effects. It pro-
motes vasodilation by blocking voltage-dependent 

calcium channels, decreasing glutamate release. 
Magnesium can attenuate the effect of potent 
vasoconstrictors including endothelin 1, and also 
blocks the including endothelin 1, and blocks the 
formation of reactive oxygen species [24]. 
However, the MASH-2 trial (magnesium for 
aneurysmal subarachnoid hemorrhage), a ran-
domized placebo controlled trial that studied 
1203 patients, found that intravenous magnesium 
sulfate did not improve clinical outcome after 
aneurysmal SAH and therefore routine adminis-
tration of magnesium cannot be recommended 
[36].

4.4.5  Erythropoietin (EPO)

It is believed that EPO may exert beneficial neuro-
protective effects via inhibition of apoptosis in tis-
sues adjacent to a lesion, modulate nitric oxide 
synthesis in the vascular endothelium, promote 
neurotransmitter release, and reduce blood brain 
barrier dysfunction [37]. A small randomized con-
trolled trial of 80 patients randomized participants 
to receive 30,000 units of erythropoietin beta every 
other day for 3 doses within 72 h after subarach-
noid hemorrhage. The study showed no difference 
in overall incidence of vasospasm but reduced 
incidence of severe vasospasm and delayed neuro-
logical deficit. However, most authors agree that 
larger trials are needed before making a conclusive 
decision on the benefit of erythropoietin for sub-
arachnoid hemorrhage management [38].

4.4.6  Anti-platelet Therapy

Platelet aggregation may play a role in secondary 
ischemia and experimental studies have sug-
gested that anti-platelet therapy might offer ben-
efit to reduce secondary ischemia. A Cochrane 
review from 2007 showed a trend towards better 
outcome in patients with SAH treated with anti- 
platelet agents. However, the results were not sta-
tistically significant and thus no definite 
conclusions could be drawn [39]. Ven Den Berg 
et  al. as part of the MASH (Magnesium and 
Acetylsalicylic acid in subarachnoid Hemorrhage) 
study examined whether acetylsalicylic acid 
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reduced the risk of delayed ischemic neurologi-
cal deficit (DIND) in patients with subarachnoid 
hemorrhage. Patients in whom aneurysm treat-
ment was started 4 days after subarachnoid hem-
orrhage were included. Fourteen daily 
suppositories with 100 mg Acetylsalicylic acid or 
placebo was started within 12 h after the aneu-
rysm was occluded. The study was stopped at 
161 of 200 planned patients because by then the 
chances of a positive effect were negligible. It 
was concluded that acetylsalicylic acid given 
after aneurysm treatment does not appreciably 
reduce the occurrence of delayed ischemic neu-
rological deficit [40]. Risk of re-bleeding is very 
high in the first 24 h. Making the administration 
of anti-platelet agents very risky in un-secured 
aneurysm.

Another benefit that anti-platelets may give is 
the prevention of thromboembolic complications 
during endovascular treatment of aneurysms. Van 
Den Bergh conducted a questionnaire study to the 
participating centers of The International 
Subarachnoid Aneurysm Trial (ISAT) 
Collaborative Group. The questionnaire study 
involved 19 of the 43 participating centers, which 
involved 1422 of the 2143 ISAT patients. The 
questionnaire asked whether the centers never, 
sometimes or always prescribed anti-platelets dur-
ing or after coiling of aneurysmal subarachnoid 
hemorrhage. Based on the individual patient data, 
the relative risks of coiling versus clipping were 
calculated separately for patients treated in hospi-
tals with standard prescription during or after coil-
ing versus patients treated in hospitals with no 
standard prescription of anti-platelets. The results 
of the study did not support anti- platelets during or 
after endovascular coiling in terms of improved 
outcomes in patients with SAH [41].

4.4.7  Endothelin A Antagonist

Endothelin has been implicated as a possible 
cause of delayed ischemic neurological deficit by 
causing blood vessel constriction. A Cochrane 
review of four trials involving 2024 patients 
showed that endothelin receptor antagonists 
reduced the risk of delayed ischemic neurologic 
deficit and angiographic vasospasm but did not 

improve clinical outcomes, with potentially seri-
ous side effects such as low blood pressure and 
chest infection. The authors stated that there is 
not enough evidence to conclude that endothelin 
A receptor antagonists are beneficial in subarach-
noid hemorrhage patients [42].

4.4.8  Beta Blockers/
Dexmedetomidine

Many of the adverse outcomes of subarachnoid 
hemorrhage can be linked to the sympathetic 
surge which might cause neurologic complica-
tions (re-bleeding, vasospasm) and cardiovascular 
complications (myocardial stunning, stress 
induced cardiomyopathy, troponin elevation, 
ECG changes, regional wall motion abnormali-
ties). It is believed that beta blocker therapy might 
help to prevent this sympathetic surge. A retro-
spective analysis of 218 patients admitted to the 
surgical intensive care unit for management of 
ruptured subarachnoid hemorrhage was done by 
Chang et  al. They identified three classes of 
patients: No/No were patients who did not have 
any beta blocker, No/Yes were patients who 
received post admission beta blockade, and Yes/
Yes were patients who were on home beta block-
ade and continued. They found that when com-
pared to No/No patients, No/Yes patients had 
significantly increased vasospasm. However, 
these patients had significantly fewer deaths and 
need for long-term care with decreased tendency 
for infarcts. When compared to No/No patients, 
Yes/Yes patients had increased trend towards 
vasospasm that led to infarction but with decreased 
mortality or need for long-term care [43]. Another 
study looked at the association between dexme-
detomidine use and neurological outcomes in 
aneurysmal subarachnoid hemorrhages. They 
found that low dose dexmedetomidine during the 
first 24  h after admission was associated with 
favorable neurological outcomes [44].

4.4.9  Heparin

Heparin was found to have neuroprotective inter-
actions, possible by decreasing the transcription 
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of Endothelin-1 (ET-1) and the ET-1 promoter, 
and also decreased expression of the erythroid 
transcription factor family binding capacity 
which is essential for ET-1 function in the endo-
thelial cells. Heparin and its low molecular 
weight derivatives are also potent inhibitors of 
the adhesion molecules P- and L-selectin which 
cause leucocyte rolling (one of the initial steps 
responsible for inflammation). The anticoagula-
tion effect of heparin may also prevent micro- 
thromboembolism, which is a possible 
contributor to delayed neurological deficits [45]. 
A retrospective analysis as conducted of 86 con-
secutive patients with Fisher Grade 3 aneurys-
mal subarachnoid hemorrhage due to rupture of 
a supratentorial aneurysm, who presented within 
36 h and were treated by surgical clipping within 
48  h of their ictus. Forty-three of 86 patients 
were managed postoperatively with a low dose 
intravenous heparin infusion (Heparin group) 
while the remaining 43 received conventional 
subcutaneous heparin twice daily as deep vein 
thrombosis prophylaxis (control group). The 
control group had higher incidence of clinical 
vasospasm (20 of 43 patients, i.e. 47%) requiring 
rescue therapy (induced hypertension, selective 
intra-arterial verapamil, and angioplasty) and 
21% of patients experienced a delayed infarct on 
CT scan. In the heparin group, the incidence of 
clinical vasospasm requiring rescue therapy was 
9% and no patient suffered a delayed infarct 
[46]. Heparin infusions appear safe as long as 
vigilance for bleeding complications is main-
tained. Evidence for its benefit in preventing 
delayed neurological injury is inconclusive. A 
major hurdle continues to be concerns about 
bleeding. Larger randomized controlled studies 
are required to promote its large-scale imple-
mentation [47].

4.4.10  Hydrogen Rich Saline

Hong Y et al. did a rat study involving injection 
of hydrogen rich saline intraperitoneally into rats 
with experimental SAH models (cisterna magna 
blood injection) and found that hydrogen rich 

saline significantly improved neurological out-
comes and attenuated morphological vasospasm 
of the basilar artery after subarachnoid hemor-
rhage. They also found that the beneficial effects 
of hydrogen rich saline on cerebral vasospasm 
were associated with decreased levels of lipid 
peroxidation, increased activity of anti-oxidant 
enzymes, and reduced levels of pro-inflammatory 
cytokines in the basilar artery [48]. Zong Zhuang 
et al. showed that intra-peritoneal hydrogen rich 
saline could alleviate oxidative stress and brain 
edema after subarachnoid hemorrhage in rabbit 
models. Clinical studies in humans are awaited 
[49].

4.4.11  Ghrelin

Xiao-ke Hao et  al. showed that ghrelin signifi-
cantly improved neurological function and 
reduced neuronal apoptosis and brain edema at 
24 h after subarachnoid hemorrhage in rat mod-
els. They found that levels of p-Akt expressed in 
many neurons were markedly up-regulated. 
Additionally, the level of Caspase-3 was 
decreased. They proposed that Ghrelin may be 
useful to reduce early brain injury after subarach-
noid hemorrhage and that these beneficial effects 
may be due to a mechanism involving the PI3K/
Akt signaling pathway [50].

4.4.12  ADAMTS13

ADAMTS13 (A disintegrin and Metalloprotease 
with Thrombospondin repeats −12) deficiency 
can lead to higher concentrations of large von 
Willebrand factor multimers resulting in micro- 
thrombosis. Vergouwen et  al. in a study of 31 
patients after aneurysmal subarachnoid hemor-
rhage found that 11 of the 31 patients (35%) 
patients who developed delayed cerebral isch-
emia were found to also have a decrease in 
ADAMST13 activity and a more profound 
increase in Von Willebrand Factor antigen, Von 
Willebrand factor pro-peptide, and Von 
Willebrand factor activity in the first few days 
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after hemorrhage. The authors concluded that 
their results suggest that micro-thrombosis may 
have a role in the pathogenesis of delayed cere-
bral ischemia [51].

4.4.13  Fasudil

Fasudil HCl (Hexahydro-1-5- isoquinolinesulfonyl)-
1H-1.4-diazepine HCl) is a Rho-kinase inhibitor, 
which has been shown by experimental studies in 
dogs to dilate spastic arteries without causing sys-
temic hypotension. This effect was also shown in 
human studies. It is routinely used in Japan for 
patients with subarachnoid hemorrhage. It has been 
shown that Rho-kinase is observed not only in 
spastic arteries but also in ischemic brain tissue. 
Fasudil specifically increased regional cerebral 
blood flow in areas with vasospasm. Fasudil may 
also improve cerebral blood flow by limiting vas-
cular endothelial and also by minimizing the 
inflammatory response implicated in cerebral vaso-
spasm development [52]. A retrospective cohort 
study by Funakoshi H et  al. looked at 24068 
patients who were older than 18 years and under-
went surgical clipping or endovascular coil emboli-
zation within 72  h from admission with 
subarachnoid hemorrhage. Patients with unknown 
modified Rankin scale (mRS) or coma (Japan 
coma scale 100 or higher) at the time of visit and 
those who died within 3  days after intervention 
were excluded. The study found that prophylactic 
administration of Fasudil Hydrochloride for cere-
bral vasospasm prevention to patient with sub-
arachnoid hemorrhage did not reduce the 30-day 
mortality.

However, Fasudil Hydrochloride signifi-
cantly reduced poor neurological outcome 
(modified Rankin scale >2) upon discharge [53]  
of eight studies by Liu et al., found that Fasudil 
greatly reduces the occurrence of cerebral vaso-
spasm and cerebral infarction in subarachnoid 
hemorrhage patients and significantly improves 
the clinical outcomes of the patients (as 
assessed by the Glasgow Outcome Scale). Due 
to the limited number of trials and samples 
available for analysis, these results need to be 

validated with results from large randomized, 
controlled trials [54].

4.4.14  Deferoxamine

Lee JY et  al. investigated hemoglobin and iron 
handling after subarachnoid hemorrhage, to 
investigate the relationship between iron and 
neuroglial cell changes, and whether deferox-
amine reduced subarachnoid hemorrhage- 
induced injury. In rats induced with subarachnoid 
hemorrhage using an endovascular perforation 
technique, there was marked heme oxygenase-1 
(HO-1) up-regulation at day 3, and accompanied 
by elevated non-heme iron, transferrin, Tf recep-
tor, and ferritin levels. Deferoxamine treatment 
reduced subarachnoid hemorrhage-induced mor-
tality, brain non-heme iron concentration, iron 
handling, protein expression, oxidative stress, 
and neuronal cell death at day 3 after subarach-
noid hemorrhage. The results suggest that iron 
overload in the acute phase of subarachnoid hem-
orrhage leads to oxidative injury leading to neu-
ronal cell death. Since Deferoxamine effectively 
reduces oxidative stress and neuronal cell death, 
it may be a potential therapeutic agent for sub-
arachnoid hemorrhage [55].

4.5  Conclusions

Principles of neuroprotection have been devel-
oped from multiple sources within and outside 
the specific domain of aneurysmal subarachnoid 
hemorrhage. Some of these principles are induc-
tive; they rely on applying the understanding of 
physiology and pathophysiology to a dynamic 
process that cannot at this time be directly visual-
ized. The concept of “normal” is a reasonable 
starting point. If one provides what the brain 
needs in terms of pressure, oxygen, substrate and 
an optimized metabolic state, the development of 
secondary injury may be minimized. The one 
well-established therapy, Nimodipine, is itself 
based on robust, but relatively limited, evidence. 
None of these techniques have yet been found in 
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isolation to fully protect the brain. Many investi-
gative techniques for neuroprotection in SAH 
exist, and ongoing efforts need to be made to pre-
vent the scourge of secondary brain injury. In 
time, a composite set of measures may help 
patients achieve optimal outcomes.
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5.1  Introduction

Aneurysmal subarachnoid hemorrhage (aSAH) is 
considered one of the most devastating neurosur-
gical emergencies which is affects 10 per 100,000 
with mortality rate of almost 60% in the first 
6  months, it is generally affecting otherwise 
healthy individuals in the most productive stage 
of their life and less than 16% of patients will 
return to their premorbid status. Furthermore, per-
sistent cognitive deficits are present in many 

patients who would otherwise have a good 
outcome.

The prognosis of aSAH is influenced by sev-
eral non-modifiable factors as well as factors that 
can be manipulated by prompt interventions and 
proper management. Early diagnosis may pre-
vent devastating neurological and non- 
neurological complications of aSAH.  Patients 
with SAH usually present with headache, photo-
phobia, and meningism. These complaints are 
not specific and can be confused with meningitis 
and migraine headache. Therefore, almost 12% 
of patients who present with aSAH are misdiag-
nosed at initial presentation.

High index of suspicion for SAH during initial 
assessment increases the chance for early recogni-
tion and timely intervention. Moreover, detailed 
history, careful examination, full work up, and 
know limitations of all investigations are very 
important to avoid late and misdiagnosis of 
aSAH, which may in addition to worsening the out-
come for the patient may lead to medico-legal con-
sequences for the treating physician [1–3].

5.2  History

History of unusual severe headache is the clini-
cal hallmark of aneurysmal subarachnoid hem-
orrhage (aSAH). Most of the patients (70%) who 
were diagnosed with aSAH present to emer-
gency department with headache alone without 
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other focal symptoms. With a huge number of 
patients complaining of headache, it is extremely 
difficult to differentiate those with a benign eti-
ology from those with serious illness like 
aSAH. Determining which patient need further 
work up for aSAH is the most challenging part 
for treating physician, due to the low incidence 
rate of aSAH and high seriousness of the dis-
ease. Headache of SAH has standard characters 
(thunderclap headache). It starts suddenly as 
very severe headache which is usually described 
as the worst of the patient’s life, reaches maxi-
mal intensity within few minutes [4]. Although 
thunderclap headache is frequently considered 
as the typical manifestation of a ruptured aneu-
rysm, it is neither sensitive nor specific. Almost 
85% of thunderclap headache is caused by 
benign causes such as migraine, tension head-
ache, sinusitis, coital headache, and exertional 
headache. Therefore, emergency physicians 
should obtain detailed history of onset, severity, 
quality, and associated symptoms of the head-
ache. Symptoms that rise the possibility of aSAH 
as the source of headache include exertional 
onset, brief loss of consciousness, focal neuro-
logical deficit, diplopia, vomiting, neck pain or 
stiffness, and seizures [5].

Nausea and vomiting are frequently observed 
in patients with aSAH, reported by 85% of SAH 
patients. It is not a specific symptom for 
SAH. Indeed, it is also observed in benign causes 
of thunderclap headache such as migraine. 
Transit loss of consciousness (less than hour) is 
usually associated with serious illness and should 
alert the clinician to consider aSAH or serious 
pathology. It is reported in 25% of SAH patients. 
Neck stiffness is another feature of SAH, but it 
takes few hours to develop. Therefore, it is not 
useful to rule out SAH if a patient presented 
immediately after the sudden onset headache. 
Focal symptoms, seizures, and diplopia are asso-
ciated with serious illnesses including SAH.

Perry et  al. reported that immediate full 
work up including non-contrast brain CT scan 
should be considered for all patients older than 
40  years who presented with systolic blood 
pressure higher than 160  mmHg and/ or dia-

stolic blood pressure higher than 100  mmHg, 
witnessed loss of consciousness, neck pain or 
stiffens, and beginning of symptoms with exer-
tion [6, 7].

Emergency physicians should be aware of 
sentinel headache or warning headache which is 
milder than thunderclap headache. It is reported 
by 10–43% of patients and some of them experi-
ence more than one sentinel headache. It usually 
occurs 2–8 weeks before obvious SAH and may 
be relieved with simple analgesics. It is a sign of 
initial minor bleed before a major SAH.  Thus, 
high index of suspicion is required because early 
recognition of warning leak before devastating 
SAH may be lifesaving [8].

Medical history should include all risk factors 
of aSAH such as uncontrolled longstanding 
hypertension, sickle cell anemia, intracranial und 
intraspinal tumor, autosomal dominant polycys-
tic kidney, Ehler-Danlos syndrome, and antico-
agulant medications [6, 9]. Social history is very 
important in the diagnosis of aSAH. Cigarette 
smoking, alcohol addiction and sympathomi-
metic drug abuse like cocaine are the most impor-
tant risk factors of aSAH [10].

5.3  Physical Examination

Close physical examination is very important in 
assessment of aSAH patients. Emergency physi-
cians should start with evaluation of vital signs 
(heart rate, blood pressure, respiratory rate, and 
temperature), resuscitation according to advanced 
life support guidelines followed by general, car-
diovascular, respiratory examination. After stabi-
lization of unstable patients, full neurological 
examinations should be accomplished and clearly 
documented. Abnormal physical and neurologi-
cal examinations may give a clue about the loca-
tion of the cerebral aneurysm (Table 5.1).

Funduscopic examination is extremely impor-
tant especially in patients who are unable to give 
clear history. Retinal hemorrhage might be the 
only diagnostic sign in comatose patients. It is 
seen in about 10% of a SAH patients (Fig. 5.1) 
[6, 11].

A. E. A. Ganaw et al.



57

5.4  Diagnostic Investigations

Diagnostic investigation should be considered if 
SAH is suspected and/or if patients present with 
severe headache and at high risk of cerebral aneu-
rysms. Diagnostic investigations are non-contrast 
brain CT scan, Lumbar puncture (LP), Computed 
tomography angiography (CTA), Magmatic reso-
nance image (MRI), and Digital subtraction angi-
ography (DSA).

5.4.1  Non-contrast Head CT Scan

When aSAH is suspected based on history and 
clinical examination, treating physicians should 
request a non-contrast brain CT scan as a first 
diagnostic investigation. It is considered as the 
keystone of SAH diagnosis, it confirms the pres-
ence of blood clot in subarachnoid space. 
Nevertheless, CT scan findings are time- dependent 
due to spontaneous lysis and dilution of the blood 
by continuous circulation of the CSF. Therefore, 
CT scan sensitivity is highest in the first 6 h post-
ictus (almost 100%) and progressively decreases 
over time to about 58% in the fifth day [5, 12]. The 
recent body of literature suggested that non- 
contrast brain CT scan may be enough to confirm 
or exclude SAH in patients who present within 6 h 
post-ictus. Though the evidence is not yet strong 
enough to change the current practice [2, 8].

Non-contrast brain CT scan may also give a 
clue about the cause of the SAH (aneurysmal or 
traumatic), possibility of an angiogram-negative 
SAH as well as site of the aneurysm. In aSAH, 
blood generally presents around the basal cis-
terns, while in traumatic SAH, the blood is usu-
ally located in Sylvian fissure, interpeduncular 
cistern or over the cerebral convexities or in 
regions of coup or contrecoup force, for instance 
the anterior portions of the middle and frontal 
cranial fossae (Figs. 5.2 and 5.3). The radiologi-
cal differentiation between aSAH and traumatic 
SAH is extremely important particularly in SAH 
patients who may traumatized during syncopal 
attacks. Moreover, non-contrast brain CT scan 
may help treating physicians to detect other 

Table 5.1 Physical Finding in SAH Patients [5, 11]

Most likely 
location of the 
aneurysm Physical examination finding
Posterior 
circulation.

Nystagmus, ataxia
Lower motor neuron palsy of facial 
nerve
Brain stem dysfunction

Anterior 
circulation.

Aphasia, hemiparesis or left-sided 
visual neglect (middle cerebral 
artery)
Bilateral weakness in legs (anterior 
communicating artery)
Facial or orbital pain, epistaxis, 
progressive visual loss or 
ophthalmoplegia (intra cavernous 
internal carotid artery)
Fourth, fifth, and sixth cranial nerve 
palsy (intra-cavernous internal 
carotid artery)

Anterior or 
posterior 
circulation.

Papilledema, retinal, and sub- 
hyaloid hemorrhage
Headache, nuchal rigidity
Oculomotor nerve palsy (posterior 
communicating artery (most 
common), superior cerebellar, and 
posterior cerebral arteries 
aneurysm).
Deterioration in conscious level 
(may be due to complications of 
aneurysmal rupture such as 
hematoma and hydrocephalus)
Abducens nerve palsy, results from 
increase intracranial pressure (ICP)

Fig. 5.1 Retina of the Right Eye of a patient with SAH, 
flame-shaped hemorrhages (arrowheads) and a large sub- 
hyaloid hemorrhage (arrow) temporal to the optic disk

5 Systematic Approach for Diagnosis of Aneurysmal Subarachnoid Hemorrhage
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abnormalities such as intraventricular, subdural 
hematoma, hydrocephalus, and brain edema.

The clinician must be aware of CT limitations in 
the diagnosis of the SAH (Table 5.2). The CT scan 
technique is very important to improve sensitivity 
of brain CT scan, very thin cuts (3 mm in thick-
ness) through the base of the brain are highly rec-
ommended to avoid missing small collections of 
the blood. The plane of scanning need to be parallel 
to the hard palate. Blood and neighboring bone, 
which both appear white, can be hard to differenti-
ate from one another, particularly in small hemor-
rhages. Furthermore, because the augmented 
density of blood on CT is due to hemoglobin con-
centration, therefore blood with a hemoglobin con-
centration less than 10 g/dl may appear iso-dense. 
Moreover, artifacts of motion during scanning of 
agitated patients may interfere with quality of the 
CT scan and obscure the diagnosis.

5.4.2  Lumbar Puncture (LP)

Given the devastating nature of aSAH and limited 
sensitivity of non contrast brain CT scan, espe-
cially with late presentation (more than 5 days), 
LP is generally recommended to augment the sen-
sitivity of the diagnostic process. Moreover, LP 
may help clinicians to differentiate other patholo-
gies that cannot be diagnosed by non-contrast 
brain CT scan for instance benign high ICP and 
meningitis [5, 12]. Nevertheless, many studies 
reported that emergency physicians performed LP 
for less than half of the patients who presented 
with worst-of-life headache and negative non-
contrast brain CT scan [15]. In  reality LP may be 
postponed for many reasons such as difficulty in 
getting patient consent, patient nervousness, pho-

Table 5.2 Limitation of Non-contrast CT [1, 5, 13]

Limitation Comment
Timing of 
brain CT scan

Sensitivity of brain CT scan declines 
as time from symptom beginning 
increases.

Blood volume CT scan may not detect small volume 
bleeds.

Technical 
challenges

Advanced scanners with thinner cuts 
and no motion artifacts amplify the 
chance of SAH diagnosis.

Anemia Hematocrit less than 30% increase 
chance of false negative results.

Fig. 5.2 Non contrast CT scan shows SAH in the basal 
cistern, both sylvian fissures, and interhemispheric fis-
sure. This is an Open Access article distributed under the 
terms of the Creative Commons Attribution Non- 
Commercial License (http://creativecommons.org/li- 
censes/by- nc/3.0) [13]

Fig. 5.3 Non-contrast brain CT scan reveals diffuse trau-
matic SAH and traumatic subdural hematoma on the right 
cerebral hemisphere [14]

A. E. A. Ganaw et al.

http://creativecommons.org/li-censes/by-nc/3.0
http://creativecommons.org/li-censes/by-nc/3.0


59

bia from complications, the patient looks normal 
and time limits. LP is particularly beneficial in 
early diagnosis of SAH in alert, neurologically 
normal patients who present with sudden onset, 
severe headache. These group of patients have 
high chance to have negative CT scan [16]. Perry 
and co-workers reported that 10% of SAH patients 
were diagnosed based on the positive CSF reports 
after normal CT results [17]. Numerous retro-
spective studies have reported that 2–7% of SAH 
is  undetected by non-contrast brain CT scan, 
diagnosed by LP and hereafter confirmed by cere-
bral angiography [18]. The American Heart 
Association (AHA) guidelines (2012) recom-
mend performing a LP after negative non-contrast 
brain CT scan for suspected patients (Table 5.3) 
[8]. In addition, the American college of emer-
gency physicians (ACEP) clinical policy 2008 
states that the diagnosis of SAH can be excluded 
if both CT and LP are negative [12].

There are number of limitations to the LP 
which may interfere with interpretation of CSF 
results (Table  5.4). First of all, traumatic tab is 
quite common which occurs in 15% of patients 
[5]. Therefore, analysis of blood-stained CSF 
reports can be extremely difficult. Treating physi-
cians should be able to differentiate between true 
SAH and traumatic tap. The CSF is usually col-
lected in four serial tubes, the persistence of con-
stant numbers of red blood cells from tube one to 
tube four is abnormal and may be suggestive of 
aSAH.  Furthermore, a traumatic tap is consid-
ered when there is no red blood cells in the fourth 
tube irrespective of the number of red blood cells 
in the first three tubes [5, 19]. The absolute num-
ber of red blood cells (RBCs) that confirms the 
diagnosis of SAH has never been established. 
Despite an aSAH has been reported with few 
hundred RBCs, although this is very rare. 
Therefore, if the progressive clearing of CSF is 
incomplete, additional diagnostic investigations 
such as computed tomographic angiography 
(CTA), magnetic resonance angiography (MRA), 
or conventional cerebral angiography should be 
considered. Moreover, timing of LP is vital in the 
interpretation of CSF reports, circulating CSF 
may dilute may dilute RBCs count, so absolute 
number of RBCs decreases with time from symp-

Table 5.3 AHA 2012 recommendations [8]

AHA recommendations 2012
Level of 
evidence

1 aSAH is a medical emergency that is 
frequently misdiagnosed. A high level of 
suspicion for aSAH should exist in 
patients with acute onset of severe 
headache

Class I; 
level of 
evidence 
B

2 acute diagnostic workup should include 
non-contrast head CT, which, if 
nondiagnostic, should be followed by 
lumbar puncture

Class I; 
level of 
evidence 
B

3 CTA may be considered in the workup of 
aSAH. If an aneurysm is detected by CTA, 
this study may help guide the decision for 
type of aneurysm repair, but if CTA is 
inconclusive, DSA is still recommended 
(except possibly in the instance of classic 
peri mesencephalic aSAH)

Class IIb; 
level of 
evidence 
C

4 magnetic resonance imaging (fluid- 
attenuated inversion recovery, proton 
density, diffusion-weighted imaging, and 
gradient echo sequences) may be 
reasonable for the diagnosis of aSAH in 
patients with a nondiagnostic CT scan, 
although a negative result does not obviate 
the need for cerebrospinal fluid analysis.

Class IIb; 
level of 
evidence 
C

5 DSA with 3-dimensional rotational 
angiography is indicated for detection of 
aneurysm in patients with aSAH (except 
when the aneurysm was previously 
diagnosed by a non-invasive angiogram) 
and for planning treatment (to determine 
whether an aneurysm is amenable to 
coiling or to expedite microsurgery).

Class I; 
level of 
evidence 
B

Table 5.4 Limitations of LP [5]

Limitations Comments
Invasive 
procedure

Difficult to perform in agitated 
patients, may lead to serious 
complications and contraindicated 
in coagulopathic patients.

Timing of LP Very early LP may falsely give 
negative reports (xanthochromia 
may be absent if LP performed 
before 12 h or after 2 weeks).
Circulating CSF may dilute RBCs 
count.

Traumatic tap Sometimes differentiation 
between traumatic tap and real 
SAH is challenging.

Number of RBCs No guideline determines absolute 
number of RBCs to confirm 
diagnosis of SAH.

Diagnosis of 
Xanthochromia

Precise diagnosis of 
xanthochromia can be 
challenging.
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toms onset. Occasionally, CSF is completely 
cleared from RBCs within 48 h post-ictus [5].

When suspected patients undergo LP, CSF 
opening pressure (OP) should be reported. For pre-
cise measurement of OP, the patient should be in 
the lateral recumbent position and patient’s legs 
should be straightened while measurement of 
OP. Once the initial CSF confirming the location 
returns from the spinal needle, connect it to the 
manometer through a  stopcock, and record the 
height of the fluid in the monometer (Fig.  5.4). 
High OP suggests aSAH. It is higher than 20 cm 
H2O in almost 60% of aSAH patients. However, 
OP can be high due to other causes such as cerebral 
venous thrombosis and idiopathic high ICP [20].

Xanthochromia is another sign of 
SAH. Xanthochromia is yellow discoloration of 
CSF that results from the enzymatic degradation 
of hemoglobin in the CSF into oxyhemoglobin, 
methemoglobin, and bilirubin. It develops within 
6–12  h of SAH; hence it is unlikely caused by 
traumatic tap. It persists at least for 2 weeks.

Xanthochromia can be assessed either by spec-
trophotometry or by visual inspection. Some 
researchers recommend using spectrophotometry 
for CSF analysis. Although studies reported that 
both methods are very reliable in the detection of 
xanthochromia. The ideal method of visual inspec-
tion of xanthochromia involves fast centrifuging 
the fourth CSF tube and matching it with an identi-
cal tube filled with an equal volume of water 
against a white background (Fig. 5.5). The absence 
of xanthochromia by either visual or spectrophoto-
metric analysis has a high negative predictive 
value for SAH, with one estimate of 99%.

False positive xanthochromia may occur in 
certain cases such as jaundice (total bilirubin 
>10-15 mg/dl), use of rifampin, excessive dietary 
of carotenoids and increased CSF protein 
(>150 mg/dl) [5].

5.4.3  Computed Tomography 
Angiography (CTA)

Over last 10 years, computed tomography angiog-
raphy (CTA) is increasingly used for detection and 
characterize cerebral aneurysm in SAH patients. It 
can be achieved immediately after the diagnosis of 

SAH by non-contrast brain CT scan when the 
patient is still in scanner. It is non- invasive, imme-
diately accessible with sensitivity of 98% and 
specificity of 100%. However, the CTA sensitivity 
drops significantly (92.3%) with small-sized aneu-
rysms (<4 mm). (Fig. 5.6) [4, 21].

L3

L4
Triple way valve

LP need

CSF level4
3

Fig. 5.4 Measurement of CSF opening pressure

A B

Fig. 5.5 Visual analysis of CSF: (A) Xanthochromia 
compared normal CSF (B)
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There are suggestions to substitute LP with 
CTA after negative non-contrast brain CT scan 
[22]. However, with prevalence of cerebral aneu-
rysm among general population (2–5%), inciden-
tal discovery of cerebral aneurysm may mislead 
treating physicians and delay diagnosis of the 
actual cause of headache or neurological mani-
festation. Therefore, further LP is still required to 
differentiate between incidental and symptomatic 
cerebral aneurysm [4, 23]. Moreover, according 
to the best existing data, if both non-contrast 
brain CT scan and CTA are negative, the possibil-
ity of SAH is less than 1% which is less than 
most clinicians test threshold (probability of dis-
ease below which no additional workup is need). 
Nonetheless, the sensitivity of CTA drops mark-
edly with small-sized aneurysms (< 4 mm), and 
ruptured of small aneurysm may lead to signifi-
cant morbidity and mortality [4, 21, 22]. The 
AHA 2012 guidelines recommend that CTA may 
be considered in the workup of aSAH. If an aneu-
rysm is detected by CTA, this study may help 
guide the decision for type of treatment modality 
to secure the aneurysm, but if CTA is inconclu-
sive, DSA is still recommended (except possibly 
in the instance of classic perimesencephalic” 
(Table 5.3) [8].

The CT-CTA approach may be considered 
with acknowledgment of its limits if there is 

any contraindication to perform LP or in acute 
setting, rapidly declining patient who needs 
emergent craniotomy for hematoma 
evacuation.

5.4.4  Magnetic Resonance Imaging 
(MRI) and Magnetic 
Resonance Angiography 
(MRA)

Magnetic resonance imaging and angiography 
are another radiological investigation that might 
be considered to investigate SAH. MRI is supe-
rior to non- contrast CT in the detection of sub-
acute and chronic SAH, particularly with fluid 
attenuated- inversion recovery (Flair) 
T2-weighted imaging accomplished 4–14  days 
post ictus when sensitivity of non-contrast brain 
CT scan drops significantly [8].

In the first 5 days post-ictus, the sensitivity of 
the FLAIR sequence is 100%, while T2-weighted 
gradient echo has 100% sensitivity for SAH in 
the 6–30-day range Fig. 5.7 [25].

MRI is also useful in determination other 
causes of SAH when both CTA and DSA are 
negative. It is useful in detection cavernous angi-
oma of brain or spinal cord as well as cerebral 
venous sinus thrombosis.

a b

Fig. 5.6 (a) No-contrast CT scan reveals SAH limited to 
the left Sylvia fissure. Figure 5.6b CTA reveals aneurysms 
(arrows) at the left bifurcation of MCA and left ICA. dis-

tributed under the terms of the Creative Commons 
Attribution Non- Commercial License (http://creative-
commons.org/li-  censes/by-nc/3.0) [24] 
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There is insufficient evidence to recommend 
MRI as part of the routine investigation for acute 
diagnosis of SAH.  The AHA (2012) guidelines 
recommend using MRI in SAH suspected cases 
with negative non-contrast brain CT scan; never-
theless, LP is still required if MRI is negative [5].

There are certain limitations of MRI in assess-
ment of acute SAH, it is difficult to detect acute 
SAH with conventional T1-weighted and 
T2-weighted MRI sequences. Mixing blood with 
high oxygen tension CSF delays the generation of 
the paramagnetic deoxyhemoglobin that is better 
imaged with MRI. The variability in the appear-
ance of SAH after 2 days most likely due to 
hemoglobin degradation, which may also inter-
fere with the intensity of MRI signals [4, 21].

Furthermore, limited availability of MRI in 
emergency departments, study interpretation is 
difficult and requires expertise, expensive in com-
parison to non-contrast brain CT scan, predispos-
ing to motion artifact and scanning of acutely ill 
patients who is poorly compliant to commands 
without sedation is extremely difficult [4].

Magnetic resonance angiography (MRA) has 
limited role in diagnosis SAH because of limited 

routine availability, time consuming, very expen-
sive, as well as difficulty in scanning acutely sick 
patient who is poorly compliant to commands. It 
is generally used in monitoring of already diag-
nosed aneurysm as well as secured aneurysm 
with either surgical clipping or endovascular 
embolization. The sensitivity of MRA is directly 
associated with size of the aneurysm. It is compa-
rable with CTA in medium- and large-sized aneu-
rysm but it is inferior to CTA in aneurysms less 
than 5  mm. It is about 94% if the aneurysm is 
larger than 3  mm and drop to 38% in smaller 
aneurysm. The sensitivity may increase by using 
gadolinium-enhanced MRA. MRA may be con-
sidered in stable patients with acute aSAH who 
cannot receive iodinated contrast [26].

5.4.5  Digital Subtraction 
Angiography (DSA)

Digital subtraction angiography (DSA) is consid-
ered the gold-standard radiological investigation 
for detection cerebral aneurysm, determine size 
and location of cerebral aneurysm, study anatom-
ical features of cerebral blood vessels as well as 
to determine the intervention of choice to secure 
the aneurysm. If SAH is confirmed and source of 
bleeding cannot be determined with CTA, DSA 
should be considered unless the blood pattern on 
non-contrast brain CT scan is suggesting typical 
peri mesencephalic SAH (extravasated blood 
around the midbrain with normal angiogram 
Figs. 5.8 and 5.9) [5, 27].

DSA is minimally invasive procedure associ-
ated with very low risk of neurological and non- 
neurological complications. Kaufmann et  al. in 
retrospective study of 19,826 patients reported 
that the jeopardy of neurological complications 
ranged between 0.4% and 2.6%, the majority of 
these complications are transit. The most com-
mon neurological complications were transient 
ischemic attack (TIA) [28].

Non-neurological complications were very 
rare which include groin hematoma, nausea, vom-
iting, chest pain, arrhythmia, transient hypoten-
sion, acute kidney injury, and anaphylaxis 
reactions.

Fig. 5.7 FLAIR sequence shows SAH in right sylvian 
fissure [13]
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Most common non-neurological complication 
was groin hematoma, reported in 4.2% of 
patients. However, the incidence of groin hema-
tomas that required surgical intervention was 
very low (0.03%) [28].

Although the risk associated with DSA is min-
imal, it has been the incentive for further assess-
ment the efficacy of three-dimensional (3D)-CTA 
in comparison with DSA for diagnosis and evalu-
ation of cerebral aneurysm after SAH. The sensi-
tivity, specificity, and accuracy of 3D-CTA were 
comparable with DSA in medium- and large- 
sized aneurysms (> 3  mm). Nevertheless, DSA 
(90.9% sensitivity) was superior to 3D-CTA 

(81.8% sensitivity) in detection small-sized aneu-
rysms (<3 mm) [29].

DSA-negative SAH has been observed in 
10–20% of patients and the exact cause of SAH 
in this group is only identified in small proportion 
(2–21%) of patients. The most common causes of 
DSA-negative SAH are thrombosed aneurysm, 
venous perimesencephalic hemorrhage, venous 
sinus thrombosis, pre-eclampsia, vascular lesion 
of the spine, spinal neoplasm, bleeding diathesis 
and drugs such as anticoagulation, antiplatelet 
and sympathomimetics. Failure to determine the 
exact cause of SAH may place these group of 
patients at jeopardy of recurrent hemorrhage. 

a b

c d

Fig. 5.8 A and B reveal (yellow arrow) localized hemor-
rhage in left perimesencephalic cistern in prepontine cis-
tern (B), suggesting perimesencephalic subarachnoid 
hemorrhage. Figure 5.8 C and D reveal DSA on the sec-
ond day after admission showed no evidence of an intra-

cranial aneurysm or underlying vascular malformation in 
vertebrobasilar artery system. These figures distributed 
under the terms of the Creative Commons Attribution- 
Non- Commercial License 4.0 (CCBY-NC) [30]
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Thus, DSA should be repeated one to two weeks 
post-ictus in order to identify missed vascular 
lesions such as thrombosed cerebral aneurysm, 
micro-arteriovenous malformation, and dural or 
pial arteriovenous fistula. Moreover, further work 
up should be considered to rule out other causes 
of DSA negative SAH such as intracranial neo-
plasms, vascular cavernous malformations, 
drugs, Pre-eclampsia, coagulopathies and vascu-
litis [2, 5].

5.5  Conclusion

Aneurysmal subarachnoid hemorrhage (aSAH) is 
considered as one of the most devastating neuro-
surgical emergencies with mortality rate of almost 
60% in the first 6 months and less than 16% of 
patients return to their premorbid status. Early 
diagnosis and immediate intervention are 
extremely important to prevent catastrophic com-
plications and improve outcome. Unfortunately, 
early diagnosis of aSAH is very challenging and 
high index of suspicion during initial assessment 
increases the chance for early diagnosis. Treating 
physician should consider full workup and consult 
neurosurgeons for all suspected cases. Knowing 

the limitations of all radiological investigations as 
well as lumbar punctures is of critical importance  
to avoid misdiagnosis which may lead to medico-
legal consequence to treating physician.
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6.1  Introduction

Aneurysmal subarachnoid hemorrhage (aSAH) 
is considered as one of the most devastating neu-
rosurgical emergencies which affects 10 per 
100,000 with mortality rate of almost 60%. It is a 
heterogeneous disorder with a varied range of 
original presentations and final outcomes. The 
outcome of aSAH patients is affected by many 

factors related to the patients, disease, and medi-
cal interventions and it is timing. It has been 
observed that clinical features at initial presenta-
tion of aSAH have weighty prognostic implica-
tions. An extensive work has been made to 
develop clinically grading scale of aSAH to mea-
sure the severity of initial neurological insult, in 
order to aid treating physicians in making man-
agement decisions, predict the outcome, and 
standardize patient’s evaluation throughout med-
ical as well as research centers.

Bramwell proposed the first grading scheme 
for SAH when classified patients with aSAH into 
either apoplectic or paralytic forms. Since then, 
at least 40 SAH grading scales have been pro-
posed such as Botterell, Nishioka, and 
Cooperative Aneurysm Study systems [1].

Nowadays, the most popular SAH grading 
scales are the World Federation of Neurological 
Surgeons (WFNS) Scale, Hunt and Hess Scale or 
a slightly modified version, the Fisher Scale and 
the Glasgow Coma Score [1–3].

6.1.1  Definition of Grading Scale

Grading scale is a sophisticated scheme of data 
classification based on directional axis; therefore, 
it is a system for gauging its primary axis. The 
primary axis of the most common SAH grading 
scales is clinical severity. The purpose of grading 
scales is early prediction of prognosis or 
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 devastating complications by conversion qualita-
tive impression of SAH severity into quantitative 
measurements. Consequently, it aids treating 
physicians to take appropriate decisions or inter-
ventions on the right time to prevent complica-
tions and improve the outcome.

In addition, grading scales standardize patient 
evaluation for communication between health care 
providers and scientific study purposes. The ideal 
grading scale must fulfill the following criteria:

 1. Grading scale must be easy to apply during 
acute phase by health care provider and 
researchers.

 2. Grading scale should be completely free from 
intra- and inter-observer variability.

 3. It should have significant association with the 
outcome and or devastating complications.

 4. The adjacent grades must have different out-
comes. The intergrade differences in the out-
come are extremely important to avoid 
misleading conclusion in clinical studies. The 
absence of intergrade differences may lead to 
two types of errors;
 (a) Coexisting error occurs when subgroups 

with clearly different  outcomes are 
assigned the same grades. For instance, 
Grade IV of WFNS scale includes a broad 
spectrum of GCS grades [7–12]. If a clini-
cal trial included only WFNS grade IV 
group of patients and patients with GCS 
of 7 were assigned to a control group while 
patients with GCS of 12 were assigned to 
the intervention group, the researcher would 

falsely conclude that the intervention dra-
matically improved the outcome [4].

 (b) Over-splitting error occurs when subgroups 
with almost the same outcome are assigned to 
different grades. For example, Grade I and II 
Hunt and Hess grading scales where both 
grades are assigned a GCS of 15 with no sig-
nificant difference in the outcomes [4, 5].

 5. Grading scale should be applicable 
retrospectively. 

 6. Grading scale should be very sensitive even in 
small population [1, 4]

6.1.2  The Hunt and Hess Grading 
Scale

Hunt and Hess Scale was projected in 1968 as 
reformation of the older grading scale initially 
described by Botterell and colleagues (Table 6.1) 
[6]. The scale was proposed to stratify the surgi-
cal risk and to determine the appropriate time of 
intervention. The scale proposal was based on the 
judgment of its authors, who thought the follow-
ing were the most vital clinical signs in SAH:

 1. The severity of meningeal inflammatory 
reaction.

 2. The intensity of neurological impairment.
 3. Arousing level of the patients.
 4. Comorbidities.

Consequently, this grading scale was generat-
ing according to the degree of intensity of the first 

Table 6.1 Hunt and Hess and Botterell et al. grading scales [1]

Grade Hunt and Hess Botterell et al
I Asymptomatic or minimal headache and 

slight nuchal rigidity
Conscious with or without signs of blood in the subarachnoid 
space

II Moderate to severe headache, nuchal 
rigidity, no neurological deficit other than 
cranial nerve palsy.

Drowsy without significant neurological deficit

III Drowsiness, confusion or mild focal 
deficit.

Drowsy with neurological deficit and probably intracerebral 
clot

IV Stupor, moderate to severe hemiparesis, 
and possibly decerebrate rigidity and 
vegetative disturbances.

Major neurological deficit, deteriorating because of large 
intracerebral clots or older patients with less severe 
neurological deficit but pre-existing cerebrovascular disease

V Deep coma, decerebrate rigidity, moribund 
appearance

Moribund or near moribund with failing vital centers and 
extensor rigidity
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3 clinical signs. The scale has five grades integrat-
ing all three axes, with distinction between grades 
made by illustrative terminology. Adjustment was 
added for serious comorbidities, which allocate 
the patients in the following highest severe grade. 
In 1974, the scale was modified by Hunt and 
Kosnik by adding two grades, 0 grade to describe 
patients with small unruptured cerebral aneu-
rysms and 1a grade to describe patients with sta-
ble residual neurological impairment and do not 
have other signs of SAH (Table 6.2) [1, 7].

Despite its simplicity, popularity amongst the 
neuroscientific population and wide spread use in 
the literature, there are several limitations to the 
Hunt and Hess grading scale. Several terms used 
to define the grades (for instance stupor, drowsy, 
and deep coma) are ambiguous and subject  to 
inconstant interpretation. Furthermore, consider-
ation of three axes of clinical signs in one scale is 
confusing. If patient present at different points on 
the axes, treating physician must rely on his judg-
ment to determine which axis is utmost impor-
tant. For instance, a patient may present with 
thunderclap headache, fully conscious, and hemi-
plegic. On the arousal axis, the patient is fully 
conscious, no deficit and could be given grade 1. 
On the other hand, the patient is hemiplegic 
(severe neurological deficit), hence, could be 
given grade 4. In such a scenario, the treating 
physicians are forced to decide which axis should 
be considered to define the definitive grade. This 
uncertainty hazes the lines between adjoining 
grades and increases inter-rater reliability and 
weaken the prognostic strength of the grading 
scale.

In addition, the necessity to upgrade a patient’s 
grade by one level in the presence of severe 

comorbidies or serious vasospasm on angigraphy 
reduces the inter-reliability of the scale. Because 
only some severe comorbidities are specified as 
well as the level of severity required for upgrad-
ing is vague. Moreover, some comorbidities such 
as diabetes has a lower impact on the course of 
SAH than others, such as hypertension [1].

Finally, there is over-splitting error in Hunt 
and Hess grading scale (no difference in outcome 
between grade I and II) which has negative 
impact on prognostic power of Hunt and Hess 
grade [8].

6.1.3  Fisher Scale

The Fisher Scale was projected by C.M Fisher 
(1980) to expect cerebral vasospasm in SAH 
patients (Fig. 6.1). The scale based on pattern of 
blood as well as the amount of blood seen on 
admission computed tomography (Table 6.3). It 
was validated prospectively in a limited number 
of cases (46 patients). Nevertheless, there are 
many limitations of the fisher scale. Fisher scale 
was created while quality of radiological image 
had almost one-tenth of the resolution recently 
existing. The measurements used in Fisher trial 
were real measurements on printed CT scan films 
which did not reflect the actual cloth thickness. 
Consequently, subarachnoid clot of <1  mm in 
real thickness is very rare as is the finding of no 
blood on initial CT scan, therefore grades1 and 2 
were essentially be very rare. Moreover, in the 
original scale described by authors, grade IV 
included patients with diffuse thin SAH and 
intraventricular or intracerebral hemorrhage. 
There is uncertainty regarding grading patients 

Table 6.2 Modified Hunt and Hess scale [6]

Grade Clinical description
0 Unruptured aneurysm
I Asymptomatic or minimal headache and slight nuchal rigidity
Ia No acute meningeal/brain reaction, but with fixed neuro-deficit
II Moderate to severe headache, nuchal rigidity, no neurological deficit other than cranial nerve palsy
III Drowsiness, confusion, or mild focal deficit
IV Stupor, moderate to severe hemiparesis, possibly early decerebrate rigidity and vegetative disturbances
V Deep coma, decerebrate rigidity, moribund appearance
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a b

c d

Fig. 6.1 show Different Fisher grading scales; (a) grade I 
fisher scale (no SAH or IVH detected, the incidence of 
vasospasm is 21%). (b) grade II Fisher scale (diffuse thin 
(<1  mm) SAH, no clots, the incidence of vasospasm is 
25%). (c) grade III (localized clots and/or layers of blood 

>1 mm in thickness, no IVH, the incidence of symptom-
atic vasospasm is 37%). (d) grade IV Fisher scale (diffuse 
or no SAH, ICH, or IVH present, the incidence of symp-
tomatic vasospasm is 31%). (Courtesy Dr. Adel E. Ahmed 
Ganaw)
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with thick SAH and intracerebral or intraventric-
ular hemorrhage or just intraventricular hemor-
rhage. Furthermore, the grading scale is 
subjective. However, Ogilvy et al. reported high 
inter-rater reliability of high fisher grades (III, 
IV) [1, 9, 10].

In addition, important factors for instance clot 
density as well as percentage of daily cloth clear-
ance, which are important predictors of cerebral 
vasospasm, are completely ignored in the grading 
scale [11].

Finally, Fisher Scale is not useful to operate as 
primary grading scheme for SAH, because it is not 
adequately comprehensive. It has been incorpo-
rated with other grading scales such as Hunt and 
Hess scale and added other factors like aneurysm 
size and location in Ogilvy grading scale [10].

Ogilvy grading scale gives one point for each 
of the following variables:

• Age greater than 50.
• Hunt and Hess grade 4–5 (in coma).
• Fisher grade score 3–4.
• Aneurysm size >10 mm.
• An additional point is added for a giant poste-

rior circulation aneurysm (≥25 mm).

The total score ranges from 0–5, correspond-
ing to grades 0–5 [10].

Ogilvy et al. proposed to predict the outcome 
for patients with aSAH who are surgically treated. 
It gave all factors equivalent weight. The most 

important limitations of Ogilvy scale are vali-
dated only in patients treated with surgical inter-
ventions and using the original Hunt and Hess 
grade, even if the patients grade changed before 
surgery [1].

6.1.4  Fisher Revised Scale

Revised Fisher scale was proposed to predict 
cerebral vasospasm and delayed neurological 
deficit post SAH (Table 6.4). Fisher revised scale 
is divided into five categories with stepwise 
increase in likelihood of developing cerebral 
ischemia with increasing the grade of revised 
Fisher scale.

Fisher Revised Scale has greater correlation 
with delayed neurological deficit and vasospasm 
than fisher scale. The main limitation is the sub-
jective dichotomization of thin and thick SAH as 
no official description was provided or used dur-
ing its derivation [12].

6.1.5  Hijdra Scale

The amount of subarachnoid blood on admission 
CT scan is associated with cerebral vasospasm, 
delayed cerebral ischemia, and poor outcome. To 
limit subjectivity in assessment amount of the 
subarachnoid blood, Hijdra et al. proposed a tech-
nique to grade amount of blood in subarachnoid 

Table 6.3 Fisher grade  
scale [6]

Group Blood on CT scan
I No subarachnoid detected
II Diffuse or thin vertical layer <1 mm thick
III Localized subarachnoid clot and /or vertical layer >1 mm thick
IV Intra ventricular or intra-parenchymal clot with diffuse or no SAH

Table 6.4 Fisher revised 
scale [1]

Group Blood on CT scan.
0 No SAH or IVH (intra ventricular hemorrhage).
I Minimal /thin SAH, no IVH in either lateral ventricle.
II Minimal /thin SAH, with IVH in both lateral ventricles.
III Dense SAH (completely filling ≥1cistern or fissure, no IVH in 

either lateral ventricle.
IV Dense SAH, with IVH in both lateral ventricles.
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blood on admission CT scan, they graded amount 
of extravasated blood in each of ten cisterns and 
fissures (2 lateral Sylvian fissures, 2 basal Sylvian 
fissures, frontal hemispheric  fissure, 2 Suprasellar 
cisterns, 2 Ambient cisterns and Quadrageminal 
cistern. Figure 6.2 independently on a semiquan-
titative scale as the following; [1, 13].

 1. No blood =0
 2. Small amount of blood = 1
 3. Moderate filled with blood =2
 4. Completely filled with blood = 3

They graded the clots that expanded the origi-
nal size of fissure or cisterns and they did not 
consider clot density in their score. Calculated 
entire amount of subarachnoid blood (sum score) 
by adding the 10 scores and ranges 0–30. They 

used average score if cistern or fissure was inad-
equately visualized.

The followed same pattern to grade amount of 
blood in four ventricles;

 1. No blood = 0
 2. Sedimentation of blood in posterior part =1
 3. Partially filled with blood = 2
 4. Completely filled with blood =3

The total amount of ventricular blood (sum 
score) was the total amount of four scores and 
ranged from 0 to 12.

Hijdra et al. reported that their scale had high 
interobserver reliability with κ-values between 
0.35 and 0.75 [1, 13].

J. S. Bretz et al. reported that the Hijdra scale 
was essentially useful prognostic instrument for 
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Fig. 6.2 (a) 10 Cisterns and Fishers in brain CT scan. (b) 
10 Cisterns and Fishers in brain diagram (Courtesy  
Dr. Adel E. Ahmed Ganaw). A- Frontal hemispheric fis-

sure; B- Suprasellar cisterns; C- Basal Sylvian fissures; 
D- Ambient cisterns; E- Quadrageminal cistern; F- Lateral 
Sylvian fissures
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prediction of functional outcome within Fisher 
grade III aSAH [14].

6.1.6  The Glasgow Coma Scale

The Glasgow Coma Scale (GCS) was proposed by 
neurosurgeon in Glasgow (1974). It is well known, 
easy to administer and calculate. It was initially 
created as bedside scheme for grading conscious-
ness in head injury cases. The inter- rater reliability 
of the GCS in assessment of conscious level is 
greater than other schemes of consciousness 
assessment. Original GCS based on three axes: 
eye opening, verbal response, and motor response 
(Table  6.5). The GCS score is the sum of the 
numeric scores in these three axes, it converts a 
qualitative impression of disturbance of conscious 
level into a quantitative measurement. It ranges 
between 3 and 15 [1, 15, 16]. There are relative 
importance of each axis in GCS.  For instance, 
patient with GCS 14 due to drop in conscious level 
has poorer outcome than it is for who has same 
GCS 14 due to reduced eye opening. One of the 
important limitations of GCS scale is that verbal 
axis represents major component of GCS scale, 
nevertheless, large proportion of SAH are early 
intubated during their clinical course. Some 
authors proposed grading scale for SAH that 
excluded verbal axis from GCS. Despite, prognos-
tic strength, it has failed to gain popularity [17].

The psychometric features of the GCS have 
been stated to be inadequate due to possibility of 
overlapping of different scores, such as between 
13 and 14, and 14 and 15, that may significantly 
affect outcome prediction. Therefore, some 
authors recommend a simplification of the GCS 
in SAH patient by compressing the 15-point scale 
to 5 points and called Glasgow outcome scale 
(Table  6.6). Simplified Glasgow outcome scale 
has statistically significant difference in outcome 
between the 5 grades [18, 19].

6.1.7  Prognosis on Admission 
of Aneurysmal Subarachnoid 
Hemorrhage (PAASH)

PAASH is five grading scoring scheme which 
based entirely on the preoperative GCS. The cut- 
off points between consecutive grades were care-
fully chosen by analyzing at which point two 
following grades matched to a statistically sig-
nificant difference in outcome at 6 months.

Grade I (GCS -15), grade II (GCS 11–14), 
grade III (GCS -8-10), grade IV (GCS 4–7), and 
Grade V (GCS -3) [8].

PAASH grading scale was created to predict the 
outcome. It is simple, easy to remember, to apply 
as well as it is almost completely free from observer 
variability, because it was derived from well-known 
grading scheme (GCS). (Table 6.7) [20].

Table 6.5 Glasgow coma scale [1]

Motor Verbal Eye opening
6 Obeys verbal commands
5 Localizes to noxious stimuli 5 Fully oriented
4 Normal flexion to noxious stimuli 4 Disoriented 4 Open eyes spontaneously.
3 Abnormal flexion to noxious stimuli 3 Voice inappropriate wards 3 Open eyes to verbal commands.
2 Extension to noxious stimuli 2 Make incomprehensible sounds. 2 Open eyes to noxious stimuli.
1 No response to noxious stimuli 1 No vocalization 1 No eye opening

Table 6.6 Glasgow outcome 
scale [19]

Grade Neurological status
5 Good recovery; resumption of normal life
4 Moderately disabled; independent lifestyle
3 Severely disabled patient; dependent on others to get through daily 

activities
2 Vegetative survival
1 Dead
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6.1.8  World Federation 
of Neurosurgeons SAH Scale 
(WFNS)

The original World Federation of Neurosurgeons 
Scale (o-WFNS) of SAH was proposed in 1988 
by expert opinion committee to predict the out-
come of SAH.  The committee members sug-
gested that a SAH grading system (WFNS) 
should include five categories be based on 
Glasgow Coma scale (GCS) together with the 
presence of focal neurological deficit. In 
WFNS, GCS is compressed to 5 categories to 
improve intergrade differences in the outcome. 
WFNS has four axes, three GCS axes  (eye 
opening, verbal response, and motor response) 
and the added fourth axis is neurological deficit 
to distinguish between grade II and III (GCS 
13–14 patients without/with neurological defi-
cits are classified into grade II and III, respec-
tively, Table 6.8). Although the degree of extra 
prognostic power of adding focal neurological 
deficit is unknown [1, 6].

WFNS is superior to the Hunt and Hess Scale 
because it uses objective expressions and grades 
each of its axis separately. However, there are 
several limitations of o-WFNS grading scales. 
There are conflicting data about the reliability of 
o-WFNS in outcome prediction. Despite the step-
wise increase in the possibility of poor outcome 
with increasing WFNS grade was reported by 
many studies, in many studies, o-WFNS failed to 
predict differences in outcome between adjacent 
grades especially between o-WFNS II and III or 
III and IV or IV and V [3, 18, 19].

Furthermore, large proportion of most severe 
SAH patients (grade V) have favorable outcome 
and improve dramatically after aggressive resus-

citation. The o-WFNS based mainly on GCS 
which may drop significantly due to reversible 
causes such as seizures, anti-convulsant, and 
hydrocephalus. Therefore, r-WFNS was sug-
gested, grading of SAH should be performed 
after resuscitation and correction of all reversible 
causes. In addition, neurological manifestations 
of brain stem herniation such as Oculomotor 
nerve (third nerve) palsy or loss of brain stem 
reflexes are not included in o-WFNS. Nakagawa 
et  al. reported that prognosis of SAH patients 
with o-WFNS Grade V who did not have 
Oculomotor palsy was significantly better than 
those who had Oculomotor nerve palsy [21–23].

In o-WFNS, the authors did not describe the 
method for determining the GCS breakpoints. A 
wide range of GCS scores in some categories 
especially IV (GCS 7–12) may lead to coexisting 
error. Moreover, sometimes identification of neu-
rological deficit is very difficult. Furthermore, 
there is inter-rater variability in application of the 
o-WFNS scale due to uncertainty in identifying 
the presence of neurologic deficits. Many 
attempts have been tried to modify the o-WFNS 
to improve its reliability in prediction of 
prognosis.

A modified o-WFNS was introduced by Fung 
et al. to improve prognostic power of grade V in 
o-WFNS.  They proposed a herniation grading 
model (h-WFNS) by include clinical signs of 
brain stem dysfunction or herniation in o-WFNS 
scale. It is similar to o-WFNS but they assigned 
as grade IV all SAH who were formerly assigned 
as grade IV on the o-WFNS as well as patients 
with GCS 3–6 but do not show any positive sign 
of brain stem dysfunction or herniation such as 
posturing (decorticate and decerebrate posture), 

Table 6.8 World federation of neurosurgeons SAH scale 
[6]

WFNS scale GCS
Motor deficit, aphasia+/−
hemiparesis or hemiplegia

I 15 Absent
II 14–13 Absent
III 14–13 Present
IV 12–7 Present/absent
V 6–3 Present/absent

Table 6.7 Two SAH grading scales with criteria per 
grade and relation with outcome [20]

Grade Criteria
Proportion of Patient 
with Poor outcome

I GCS 15 14.8%
II GCS 11–14 41.3%
III GCS 8–10 74.4%
IV GCS 4–7 84.7%
V GCS 3 93.9%
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anisocoria, bilateral dilated pupils and no corneal 
reflexes. In grade V, they only assigned SAH with 
positive signs brain stem dysfunction or hernia-
tion. Therefore, the misleading effect of sedation 
and postictal status was eliminated, and prognos-
tic power of grade V was significantly improved 
[21, 22].

Another modification of WFNS (m-WFNS) 
has been suggested by the WFNS Cerebrovascular 
Diseases and Treatment Committee (WFNS 
CVD and T committee) and Japan neurosurgical 
society to increase prognostication reliability of 
WFNS grade II and III. They assigned patients 
with GCS 14 to grade II and those with GCS 13 
to grade III regardless of the presence of neuro-
logical deficit (Table  6.9). The superiority of 
m-WFNS to o-WFNS in outcome prediction was 
reported by multicenter prospective observa-
tional study recruited 1656 SAH patients [24].

6.1.9  VASOGRADE

The VASOGRADE was created to predict 
delayed cerebral ischemia (DCI). It is a practical 
grading scheme, semiquantitative, simple, easy 
to remember and to apply.

VASOGRADE divides patients into three 
color coded categories according to the WFNS 
score after initial resuscitation and modified 
Fisher score at admission (Table  6.10). 
VASOGRADE-Green (modified Fisher scale 1 or 
2 and WFNS 1 or 2), VASOGRADE-Yellow 
(modified Fisher 3 or 4 and WFNS 1–3), and 
VASOGRADE-Red (WFNS 4 or 5, irrespective 
of modified Fisher grade). Patients who classified 
as VASOGRADE- Green have lowest risk of DCI 
or Vasospasm, and those who classified as 
VASOGRADE – Red have highest risk of DCI 
and vasospasm. The prediction of DCI helps 
treating doctors to use the resources wisely and 
effectively [25].

VASOGRADE-Green (law risk group of DCI) 
patients may be monitored less aggressively than 
VASOGRADE-Yellow and VASOGRADE-Red 
patients. Frequent neurological examination may 
be enough as well as frequent expensive imaging 
can be avoided if not clinically indicated. 
Moreover, VASOGRADE-Green patients with-
out medical complication of SAH may trans-
ferred to neurosurgery ward by the end of the first 
week to reduce to cost of staying in critical care 
[25].

While VASOGRADE-Red (high risk group 
of DCI) patients require close observation and 
frequent neurological evaluation by bedside 
nurses as well as neurological surveillance such 
as transcranial Doppler, CT perfusion, continu-
ous electroencephalography. Both 
VASOGRADE  – Red and VASOGRADE –
Yellow patients should be admitted in high 
dependent or intensive care unit for at least 
14  days. Furthermore, VASOGRADE- Red 
patients may benefit from invasive hemody-
namic monitoring, aggressive strategies to avoid 
hypovolemia and hyponatremia.

Table 6.9 original WFNS versus modified WFNS grad-
ing scale [24]

Grade m-WFNS o- WFNS
I GCS 15 GCS 15
II GCS 14 GCS 13–14 without focal 

neurological
III GCS 13 GCS 13–14 with focal 

neurological
IV GCS 7–12 GCS 7–12

V GCS 3–6 GCS 3–6

VASOGRADE Modified Fisher Scale WFNS

Green 1-2 1-2

Yellow 3-4 1-3

Red Any 4-5

Table 6.10 VASOGRADE 
scale [25]
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VASOGRADE can be used for prognostica-
tion, risk stratification, communication between 
medical practitioners, standardization of man-
agement protocols, and enrollment criteria for 
academic activities [25].

6.2  Conclusion

Subarachnoid hemorrhage grading is critically 
important scheme to convert qualitative data of 
SAH severity into a numerical measurement with 
the intention of early prediction of prognosis and 
likelihood occurrence of serious complications 
such as vasospasm and delayed cerebral ischemia. 
Consequently, the treating physicians and family 
members can have proper anticipation for out-
come. Grading scales also help clinicians in mak-
ing appropriate management decisions in 
appropriate time, tracking patients status, follow 
up the patients response to the management and 
properly use of medical resources. Moreover, the 
grading scales facilitate the communications 
between the clinicians in different health care cen-
ters, as well as aid the academician to compare 
similar groups of patients in multicenter studies. 
The ideal grading scale should be simple, easy to 
remember, easy to apply and associated signifi-
cantly with outcome or devastating complications. 
More than 40 grading scales have been proposed 
and modified to improve their reliability in predic-
tions of devastating complications and outcome of 
SAH. But there are number of limitations in almost 
all scoring scales and all treating physicians should 
be aware of these limitations. Clinical grading 
scales should be performed after resuscitation and 
correction of all reversable causes. Although com-
bination of grading scales may complicate the 
grading scale, it improves the prediction power of 
grading scale. Further studies are still required to 
establish powerful grading scale.
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7.1  Introduction

Aneurysmal subarachnoid hemorrhage (aSAH) 
due to a ruptured cerebral aneurysm is a devastat-
ing disease with significant multi-organ implica-
tions. Intracranial aneurysm rupture is the leading 
cause of non-traumatic subarachnoid hemorrhage. 
Worldwide, the prognosis is still very poor with a 
mortality as high as 35%. Among those survivors 
33% need life-long care, another 33% suffer from 
impaired cognitive function which can affect their 
quality of life and functional status. Therefore, 
immediate diagnosis as well as early and appro-
priate management is paramount to improve out-
come. Endovascular coiling or surgical clipping 
are the standard treatment options, anesthetic 
management of these patients is challenging due 
to their unstable physiology and associated severe 
neurological as well as medical complications 
such as re-bleeding, life- threatening obstructive 
hydrocephalus, hypertension, coma, myocardial 
dysfunction, hypotension, arrhythmia, pulmonary 
edema, cerebral edema, cerebral vasospasm, and 
electrolyte disturbances. Anesthesiologists must 

be aware of strategies to relax the brain while at 
the same time be able to preserve acceptable cere-
bral perfusion and oxygenation, accommodate 
requests for deliberate hyper−/hypotension as 
well as management of surgical emergencies like 
aneurysm rupture during any intervention [1–3].

7.2  General Principles 
of Anesthesia

Anesthetic concerns for cerebral aneurysm clip-
ping and coiling are comparable with noticeable 
differences being the venue, extent of blood loss, 
and the need for brain relaxation.

7.2.1  The Primary Goals 
of Anesthetic 
Management Are

• Maintain cerebral perfusion pressure (CPP) > 
60  mmHg to prevent cerebral ischemia and 
maintain adequate collateral blood flow dur-
ing the application of temporary clips.

• CPP  =  MAP—ICP or CVP whichever is 
greater

• The following factors that can cause a rise in 
ICP should be avoided or promptly treated:
 – Hypoventilation and hypercarbia—main-

tain PaCO2 at low normal ~35mmhg.
 – hypoxia,
 – Seizures.
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 – Hyperthermia (ICP increases as cerebral 
compliance is reduced and compensation 
mechanisms are exhausted in SAH) [4].

 – pain,
• Hypotension must be avoided and if present 

must be treated with inotropes or 
vasopressors.

• Maintain normoglycemia and euvolemia. For 
more details, please refer to Chap. 3 (Central 
Nervous System Neurophysiology).

• Control of the transmural pressure gradient 
(TMPG) of the aneurysm to avoid sudden 
aneurysmal rupture which can be considered 
as central to the anesthetic management of 
intracranial aneurysms. The aneurysm’s trans-
mural pressure gradient (TMPG) is equal to 
the pressure within the aneurysm (mean arte-
rial blood pressure MAP) minus the pressure 
outside/around the aneurysm (intracranial 
pressure ICP), i.e. TMPG  =  MAP-
ICP.  Noteworthy, both TMPG and CPP are 
affected by same variables (MAP and ICP). 
The main goal is to maintain the CPP as high 
as required to afford enough cerebral oxygen-
ation, and TMPG as law as possible to 
decrease the jeopardy of aneurysm rupture. 
While changes in MAP and ICP lead to the 
same changes in TMPG and CPP, and as CPP 
and TMPG values are mathematically same, it 
always comes down to the choice between an 
ideal TMPG and the best CPP. The dilemma is 
balancing the jeopardy of inadequate cerebral 
perfusion against jeopardy of rupture of the 
cerebral aneurysm. Maintaining CPP and 
TMPG at preoperative baseline values through 
the surgery is the ideal solution. However, this 
target is hardly attainable.

• Adequate preparation to manage potential 
intraoperative complications [5].

This highlights the dilemma of balancing 
acceptable cerebral perfusion versus the risk of 
aneurysmal rupture. Therefore, until the aneu-
rysm is secured, systolic blood pressure (SBP) 
should not be allowed to increase above 
160 mmHg while the aim should be to maintain 
the preoperative baseline. At the same time hypo-
tension (SBP < 110 mmhg) must be avoided to 
ensure adequate cerebral perfusion. Moreover, 

sudden reductions in ICP as can be seen with 
insertion of life saving external ventricular drain 
(EVD) insertions or aggressive osmotherapy 
should be avoided as this can increase the aneu-
rysm’s TMPG and cause rupture of the aneurysm 
[5].

• Anticipate and obtund painful stimuli, such as 
intubation and head pin placement.

• Provide a compliant brain to minimize retrac-
tion pressure.

• Rapid and smooth emergence, to allow early 
postoperative neurological assessment [5].

7.3  Preoperative Evaluation 
and Optimization

Patients with aSAH usually present with a “thun-
derclap” headache often described as the worst 
headache of their lives. This can be associated with 
nausea, vomiting, neck stiffness, neurological defi-
cits, seizures, reduced consciousness, hemody-
namic instability, and rarely cardiac arrest. The 
most important factor associated with a poor out-
come is the preoperative level of consciousness [2].

If the patient is acutely ill at presentation, an 
ABC (Airway, Breathing, and Circulation) 
approach should be adopted to achieve cardiore-
spiratory stability ensuring cerebral perfusion 
and oxygenation while minimizing the risk of re- 
bleeding. The airway should be secured, and car-
diovascular support started as dictated by the 
clinical situation.

Once the patient has been stabilized, a thorough 
and systematic preoperative evaluation is para-
mount, as these patients can present with signifi-
cant multi-organ dysfunction (Table 7.1) [6, 7] and 
comorbidities. However, delaying  surgery/inter-
vention to optimize the patient should be balanced 
against the urgency of surgery/intervention. 
Depending on the patient’s neurological status, the 
history may have to be obtained from the family.

Preoperative assessment should include comor-
bidities (Hypertension, diabetes mellitus, ischemic 
heart disease, COPD, cerebral aneurysms can be 
associated with polycystic kidney disease and coarc-
tation of aorta) [8] and associated medication his-
tory, allergies, previous anesthetics, smoking/alcohol 
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history, and fasting status. A thorough examination 
of the central nervous system, cardiovascular sys-
tem, and respiratory system is essential as aSAH 
patients can have significant cardiac and respiratory 
dysfunction secondary to the catecholamine storm 
caused by the hemorrhage. The patient’s baseline 
vitals and neurological status including size and 
reactivity of pupils, GCS, and deficits must be noted.

Preoperative investigations should be 
requested depending on the background history, 
the systemic examination, and expected compli-
cations (Table 7.2) [7, 9]. Patient’s investigations 
and imaging must be reviewed.

The size, character, number, and location of 
the aneurysm, extent of subarachnoid hemor-
rhage, and the presence of features suggestive 
of raised ICP should be made note of. 
Biochemical disturbances if present should be 
corrected, especially in the presence of ECG 
changes and cardiac dysfunction. Maintaining 
euvolemia, normothermia, and normoglycemia 
is essential.

Patient or family should be informed of the 
possible anesthetic complications, rare but disas-
trous aneurysm rupture or re-bleeding, blood 
trans-fusions, and postoperative intubation.

Various grading scales are available to assess and 
evaluate aSAH patients. These include the World 
Federation of Neurological Surgeons (WFNS) 
grades, modified Hunt and Hess clinical grades, and 
the Fisher Grades for CT findings. These grades 
allow assessment of surgical risk and prognosis, 
inter-physician communication about the patient’s 
condition and conduct of scientific studies. For more 
details, please refer to Chap. 6 (Grading of aneurys-
mal subarachnoid hemorrhage).

7.4  Premedication

Premedication in patients with subarachnoid 
hemorrhage must be individualized. It is prudent 
to avoid preoperative sedative medications when-
ever possible to allow assessment of patient’s 
neurological status and continued neuromonitor-
ing. However, anxiety can increase the blood 

Table 7.1 Neurological and non-neurological complica-
tion [5, 10]

Neurological 
complications Non- neurological complications
1. Hydrocephalus
2. Intracranial 
hypertension
3. Re-bleeding
4. Vasospasm 
and delayed 
cerebral 
ischemia(DCI)
5. Seizures

1. Pulmonary complications 
(pulmonary edema either cardiac 
or neurogenic, aspiration 
pneumonia)
2. Cardiac complications (QT – 
Prolongation, repolarization 
abnormalities, T wave changes, 
life-threatening arrhythmias, 
myocardial ischemia, elevated 
cardiac troponin, and neurogenic 
stunned myocardium)
3. Electrolyte disturbance 
(hyponatremia, hypomagnesemia, 
hypokalemia, hypocalcemia)
4. Hematological complications 
(Anemia, coagulopathy, 
leukocytosis)
5. Endocrine disturbance 
(hyperglycemia, 
hypothalamopituitary dysfunction)
6. Fever (infectious or central)

Table 7.2 preoperative investigations for aSAH [5, 7]

Investigations Comment
Full blood count Exclude anemia
Coagulation 
screening

Exclude coagulopathy

Serum urea/
creatinine and 
electrolytes

Assess kidney function and 
exclude any electrolytes 
abnormalities

Serum glucose Exclude hypoglycemia and 
hyperglycemia (associated with 
poor outcome)

Chest X ray Exclude aspiration pneumonia, 
pulmonary edema (if clinically 
indicated)

12 leads ECG Exclude arrhythmia and 
myocardial ischemia

Serum cardiac 
biomarker

Exclude myocardial injury 
(indicated if there is arrhythmia 
or pulmonary edema or 
hemodynamically unstable)

Transthoracic 
Echo

Exclude myocardial dysfunction 
(indicated only if patient. 
Hemodynamically unstable or if 
there is pulmonary edema).

Arterial blood gas Assess oxygen delivery, PaCO2, 
PaO2, lactate level

CT brain Assess intracerebral 
hemorrhage, hydrocephalus and 
high ICP

CT-angiography - Identify site, size, and number 
of aneurysms
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pressure and put the patient at increased risk of 
re-bleeding. This must be balanced against the 
use of sedatives that may lead to respiratory 
depression and an increase in PaCO2 leading to a 
raised intracranial pressure (ICP). Consequently, 
the decision for premedication, type of premedi-
cation, and dosage of premedication is deter-
mined by clinical grade, respiratory rate, 
co-morbidity, chronic medication, and the level 
of ICP.  Anxious patients with good Hunt and 
Hess grades (I and II) may receive smaller doses 
of oral benzodiazepines. Poor grade patients (III- 
V) may already be in ICU, intubated and sedated.

All vasoactive medications administered to 
maintain adequate cerebral perfusion should be 
continued. Moreover, patients should receive their 
regular doses of anticonvulsants and nimodip-
ine. Anti-acid and anti-emetic should be considered 
as part of premedication and should be given before 
induction of anesthesia at the appropriate time [5].

7.5  Anesthesia for Surgical 
Clipping of Cerebral 
Aneurysm

Following a craniotomy and after careful surgical 
dissection, aneurysm obliteration is achieved by 
placing a clip at the junction of the aneurysm and 
the parent artery preventing blood flow into it. A 
relaxed brain is essential for optimal surgical 
exposure and to avoid excessive brain retraction, 
particularly in deep seated aneurysms. MRI com-
patible titanium clips are generally used.

7.5.1  Monitoring

7.5.1.1  Standard Monitoring
Standard monitoring includes pulse oximetry, 
noninvasive blood pressure (NIBP), 5 lead elec-
trocardiogram (ECG), capnography, temperature, 
neuromuscular block, and urine output [11].

7.5.1.2  Hemodynamic Monitoring
Placement of arterial line under local anesthesia 
before induction of anesthesia is important to 
address any hemodynamic changes during induc-

tion and airway management. An arterial line is 
also essential to maintain hemodynamics intraop-
eratively and for frequent blood sampling. 
Central venous access is dependent on patient’s 
general status, it is essential in poor grade patients 
or patients with significant cardiovascular dys-
function to titrate vasopressor or inotrope ther-
apy. Central line should be inserted under 
guidance of ultrasound to reduce risk of puncture 
of carotid artery which needs manual compres-
sion which may impair cerebral blood flow. 
Currently, pulmonary artery catheter is rarely 
used to assess and monitor cardiac output, espe-
cially after introduction of reliable less invasive 
techniques to monitor and assess myocardial 
function and preload such as transpulmonary 
thermodilution techniques. In poor grade SAH 
patients, bedside transpulmonary thermodilution 
monitoring reduces the incidence of pulmonary 
edema, the consequences of DCI, and improves 
the clinical outcome [11–13].

7.5.1.3  Neuromonitoring

ICP Monitoring
ICP can be easily measured in patients with intra-
ventricular drain. ICP monitoring may help anes-
thesiologists in the blood pressure management 
especially during induction and emergence from 
anesthesia. It should be considered in patients 
who have poor neurological status or patients 
with hydrocephalus as they often have intracra-
nial hypertension [5]. For more details, please 
refer to Chap. 3 (Central Nervous System 
Neurophysiology).

Jugular Venous Bulb Monitoring
Indeed, monitoring brain oxygenation is 
extremely useful in anesthetic management of 
SAH. Cerebral venous oxygen saturation (SjvO2) 
can be measured by the retrograde insertion of a 
catheter in the jugular bulb. It reflects the balance 
between cerebral metabolic supply and demand 
in presence of stable cerebral metabolic rate. It 
resembles to mixed venous saturation in the 
assessment of the balance between systemic sup-
ply and demand. It may be helpful in the early 
detection of reduced cerebral perfusion due to 
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hyperventilation or, in the perioperative blood 
pressure management, in determination adequacy 
of cerebral perfusion during temporary clipping, 
and in the recognition of hyperemia and luxury 
perfusion. Matta et el, reported that SjvO2 moni-
toring was helpful in more than 50% of their 
SAH patients. Sudden drop in SjvO2 may be an 
indication of aneurysmal rupture. However, 
recurrent SjvO2 fluctuations may occur without 
clear reasons. Furthermore, cannulation of inter-
nal jugular vein may decrease cerebral venous 
drainage and increase ICP [5, 6, 14].

Near-Infrared Spectroscopy
Near-infrared spectroscopy (NIRS) permits 
uninterrupted monitoring of brain regional oxy-
gen saturation. Nevertheless, NIRS signal inter-
ference from extracranial source may affect 
accuracy of the readings, therefore, anesthesi-
ologists cannot rely on NIRS to guide therapeu-
tic intervention during surgical intervention [11, 
15].

7.5.1.4  Neurophysiology Monitoring
Patient coughing, bucking, or moving during the 
procedure can lead to disastrous consequences 
like increase in ICP and aneurysm rupture. 
Consequently, adequate neuromuscular blockade 
should be ensured by continuously monitoring 
the depth of block using an appropriate neuro-
muscular transmission monitor(NMT).

Monitoring ICP through intraventricular cath-
eters in patients with hydrocephalus or poor 
grade SAH can guide blood pressure manage-
ment and aid in draining excess CSF 
perioperatively.

Bispectral Index (BIS) monitoring is essential 
in patients anesthetized using the total intrave-
nous anesthesia(TIVA) technique. They can also 
guide propofol or thiopentone administration 
during periods when burst suppression is 
required. Although, the use of burst suppression 
has been questioned as the hemodynamic conse-
quences of administering these drugs have a more 
deleterious effect than the neuroprotection pro-
vided by this technique with no overall outcome 
benefit [5, 16].

7.5.2  Induction

A smooth induction avoiding any sudden changes 
in blood pressure is paramount. An acute increase 
in blood pressure can increase the TMPG  and 
cause aneurysm rupture. Whereas a precipitous 
drop in blood pressure can cause a dangerous 
reduction in cerebral perfusion, especially in 
patients with raised ICP and high grade 
aSAH.  Although no single induction agent is 
superior to another, careful titration to achieve a 
smooth induction is essential.

Numerous agents have been used to blunt the 
intubation response, including high dose opioids 
like Fentanyl (5–10mcg/kg) or Sufentanil (0.5- 
1mcg/kg), Lidocaine (1.5–2  mg/kg), Esmolol 
(0.5 mg/kg), Labetalol 10–20 mg, and a second 
dose of Propofol (0.5-1  mg/kg) or Thiopental 
(1–2 mg/kg) [17].

Using a target-controlled infusion system, the 
concentration of Remifentanil to blunt the hemo-
dynamic response to noxious stimuli is usually 
between 4 and 6 ng/ml. The concentration has to 
be decreased rapidly upon cessation of the pain-
ful stimulus to avoid hypotension. A continuous 
infusion of Remifentanil is particularly useful 
when a difficult airway is anticipated because it 
allows long-lasting suppression of laryngoscopy 
response with hemodynamic stability.

A non-depolarizing muscle relaxant (NDMR) 
is preferably used to facilitate endotracheal 
intubation and controlled mechanical ventila-
tion as it has no effect on ICP or cerebral blood 
flow. The depolarizing muscle relaxant succi-
nylcholine is associated with a transient rise in 
ICP, although this increase in ICP is not seen 
when the patients are under deep anesthesia, or 
when the succinylcholine is preceded by a small 
dose of non- depolarizing muscle relaxant. 
Moreover, Succinylcholine has been used effec-
tively in many SAH patients without reported 
complications. It may be considered when dif-
ficult intubation is suspected or rapid sequence 
induction is indicated. Although Rocuronium 
(0.9–1.2  mg/kg) is a suitable alternative if the 
specific reversal agent Sugammadex is available 
[18, 19].
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7.5.3  Maintenance

Common maintenance techniques include TIVA, 
inhalational with opioids or a combination of 
both. Although TIVA remains a popular choice 
due to its inherent effect on the cerebral blood 
flow, there is no evidence to suggest that one 
technique is superior to the other.

Propofol causes cerebral vasoconstriction and 
decreases cerebral metabolic rate leading to a 
decrease in ICP. Sevoflurane, isoflurane, and des-
flurane can also be used in concentrations less 
than 1 MAC (minimum alveolar concentration), 
concentrations greater than 1MAC can cause 
cerebral vasodilation and a consequent increase 
in ICP. Abrupt increase in desflurane concentra-
tion can increase ICP due to its effect on the 
sympatho- adrenal system.

Intraoperative analgesia can be provided 
either by intermittent boluses or continuous infu-
sion of opioids. Intense stimulations such as pin 
insertion (Figs. 7.1 and 7.2), surgical incision or 
elevation of periosteum, and dural incision must 
be anticipated and treated by administering sup-
plementary doses of opioids and deepening the 
planes of anesthesia to avoid hypertension and 
rupture of the aneurysm [1, 5].

Sevoflurane is a better choice than isoflurane 
because it is associated with faster recovery, 
especially after long-lasting procedures. 
Desflurane may be used but is a more potent cere-
bral vasodilator than sevoflurane [9, 20].

7.5.4  Brain Relaxation

Current guidelines recommend early surgery to 
secure the aneurysm as the risk of rebleed and its 
consequent complications is highest in the first 
72 h. As a result, a greater proportion of patients 
presenting for surgery tend to have raised ICP 
and cerebral edema. Optimum brain relaxation 
techniques are essential to optimize surgical 
exposure, reduce brain retraction, and facilitate 
clipping of the aneurysm [1].

Sudden reduction in ICP raises the TMPG and 
increases the risk of aneurysm rupture. This 
reduction in ICP should be performed cautiously 

before Dural opening. Following agents/maneu-
vers can been used to facilitate brain relaxation:

7.5.4.1  Positioning
Head up position (15–30°) is the ideal position 
for SAH patients as it reduces venous bleeding in 
the surgical field. The neck must be in the neutral 
position, excessive flexion or rotation of the neck 

Fig. 7.1 Mayfield to fix the head with sharp pins of the 
patients. (Courtesy of Dr. Saleh Safi)

Fig. 7.2 Positioning of patient in 3-pin head clamp with 
incision marking with burr holes and extent of craniotomy 
in a standard pterional craniotomy
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impedes jugular venous drainage, increase intra-
cranial blood volume, and ICP. During position-
ing, the tracheal tube must be well secured, and 
should be taped instead of tying it around the 
neck. If taping proves difficult due to factors like 
facial hair, moist skin, etc. a neck tie can be used 
while ensuring that it is not too tight impeding 
venous drainage (Fig. 7.3) [21, 22].

7.5.4.2  Mannitol
Mannitol (20%) is a hyperosmolar solution which 
increases the osmolality of the intravascular 
space. Fluid moves from the brain to the vascular 
space down the osmolar gradient leading to a 
reduction in ICP.  The maximum effect of the 
mannitol on brain edema and ICP appears around 
30–45  min after starting mannitol infusion and 
the clinical effect of mannitol is judged by drop 
of the ICP and/or brain edema rather than by 
urine output. The initial drop in ICP following 
mannitol administration may reflect compensa-
tory cerebral vasoconstriction in the area of the 
brain with preserved autoregulation in order to 
maintain cerebral blood flow at physiological 
levels.

Rapid infusion of mannitol may initially cause 
hypotension followed by increase in blood vol-
ume, filling pressure and cardiac output at the 
end of the infusion, which may lead to transient 
increase in cerebral blood flow and ICP. However, 
this transient increase in ICP is less likely with 
slaw infusion of mannitol with a concentration of 

not more than 20% and in patients with preexist-
ing high ICP. Mild hyperventilation may prevent 
the initial increase of ICP in high-risk patients. 
Thirty minutes after administration of mannitol, 
blood volume decreases to its baseline, but filling 
pressure and cardiac output may decrease below 
baseline levels. The transient increase in blood 
volume associated with mannitol can potentially 
precipitate pulmonary edema in patients with 
poor cardiac and renal function.

Mannitol increases serum osmolality, 
decreases hematocrit, and may cause metabolic 
derangements such as hyponatremia, hyperkale-
mia, and metabolic acidosis due to dilution of 
bicarbonate which is extremely important in 
presence of renal impairment.

The dose of mannitol ranges between 0.25 and 
2 g/kg body weight. Treating physicians usually 
administer 0.5–1  g/kg over 20–30  min. Higher 
dose (>1 g/kg) and faster administration are asso-
ciated with faster and larger reduction in ICP and 
brain edema. However, it is associated with sig-
nificant risk of hypotension, electrolyte distur-
bance, increase intravascular, volume and 
cerebral blood volume. Therefore, the dose and 
speediness of administration should be based on 
clinical status. Administration of second dose is 
unlikely to reduce ICP if the serum osmolality 
more than 330 mOsm/L.

Theoretically, mannitol should be administered 
after dural incision, because sudden drop in ICP 
increases TMPG of the aneurysm and aneurysmal 
rupture. Furthermore, rapid administration of man-
nitol leads to brain shrinkage which may lead to 
traction and tearing of bridging veins. However, in 
clinical practice, neurosurgeons repeatedly request 
administration of mannitol after positioning of the 
patients. In such scenario, mannitol should be 
infused slowly at rate 100- 200 ml/hr. and infusion 
rate increased after opening of the dura [5, 21].

7.5.4.3  Furosemide
Furosemide (0.25–1 mg/kg) decreases formation 
of CSF as well as water and ion movement across 
the blood–brain barrier. Furosemide has a syner-
gistic effect with mannitol. The sustained diuretic 
effect of high dose of furosemide may lead to 
sustained high plasma osmolality which potenti-

Fig. 7.3 Patient positioning for surgical clipping. 
(Courtesy of Dr. Saleh Safi)
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ate the effect of the mannitol. Therefore, it should 
be administered at smaller dose with mannitol 
(5–20 mg). Administration of furosemide prior to 
mannitol my blunt the initial increase of ICP 
induced by mannitol. Furosemide may be consid-
ered in patients with renal or cardiopulmonary 
impairment, the jeopardy of hypervolemia, and 
electrolyte derangement may be reduced when 
furosemide used instead of mannitol. The main 
disadvantages of furosemide are the general clin-
ical impression that it is not reliable and effective 
as mannitol in reducing brain bulk and ICP.

In addition, combination therapy may lead to 
hypovolemia and electrolyte disturbances espe-
cially hypokalemia. Therefore, assessment of 
volume status and potassium level are very 
important [5, 21, 23].

7.5.4.4  Hypertonic Saline
Hypertonic saline 3% is as effective as mannitol 
in treatment of high ICP. The hypertonic saline 
causes hyperchloremic acidosis which may have 
detrimental effect on the kidney function [30]. 
3% saline maintains hemodynamics hence can be 
used in unstable patients. It can be used at a dose 
of 3-5 ml/kg over 10–20 min [21].

7.5.4.5  CSF Drainage
CSF drainage by using either a subarachnoid 
lumbar or ventricular drain is an effective tech-
nique of decreasing ICP and to achieve brain 
relaxation. Extreme caution should, however, be 
exercised during insertion of the drain to mini-
mize CSF loss and a prompt drop in ICP, so as to 
prevent a sudden increase in TMP and aneurysm 
rupture.

Lumbar drainage of CSF can cause brainstem 
herniation in patients with intracerebral hema-
toma; therefore, insertion of lumbar drainage 
should be avoided in those patients.

Theoretically, free drainage should be allowed 
only after dura incision to prevent re-bleeding; 
but in clinical practice 20–30 mL of CSF is fre-
quently drained immediately before opening of 
the dura to facilitate dura incision. The drain is 
frequently left open throughout the surgery, till 
the aneurysm is clipped or until the dura closure 
[5, 21].

7.5.4.6  Hyperventilation
Hyperventilation is a quick and effective method 
of lowering ICP, however, overzealous hyperven-
tilation may induce cerebral ischemia through 
intense cerebral vasoconstriction particularly in 
poor grade patients. Therefore, hyperventilation 
should only be used as a temporizing measure in 
patients with impending herniation. During the 
surgical procedure the target PaCO2 should be 
low normal (30–35mmhg) [21].

7.5.5  Fluids and Electrolytes

Maintenance of euvolemia and normal circulat-
ing blood volume is recommended to prevent 
DCI, therefore fluid administration should be 
guided by a combination of clinical assessment, 
invasive monitors such as CVP, PiCCO, and 
dynamic variables of fluid responsiveness like 
pulse pressure and stroke volume variation.

Fluid administration should be restricted to 
glucose free isotonic crystalloids (normal saline), 
plasmalyte or colloid solution. Hyperglycemia 
aggravates ischemic brain injury and must be 
avoided [21].

7.5.6  Temporary Clipping

Temporary clipping of feeder/parent vessels is 
commonly used to ensure good visualization of 
the surgical field and to avoid intraoperative rup-
ture during surgical dissection of aneurysms. 
Temporary clipping substituted the use of global 
hypotension to reduce pressure gradient across 
the aneurysm wall and bleeding in the surgical 
field.

The main recommendations during tempo-
rary clipping are:

Blood pressure maintained at high normal lev-
els to ensure adequate collateral circulation. 
Phenylephrine or noradrenaline can be used to 
induce hypertension.

Metabolic suppression by using Propofol or 
Barbiturates (thiopentone) to induce burst sup-
pression and subsequently reduce energy con-
sumption by brain cells allowing ischemia to be 
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better tolerated during the application of tempo-
rary clips. The suppressing agents should be 
administered prior to clipping. However, the evi-
dence behind this is lacking and there is a con-
cern that the hemodynamic instability produced 
by high doses of thiopentone can be more detri-
mental than the benefits they offer. Therefore, 
adequate hemodynamic support to ensure collat-
eral blood flow is essential.

FiO2 increased to 100%.
Clamping time should not be longer than 

20 min.
Induced hypothermia to decrease cerebral 

metabolic rate and energy consumption, how-
ever, induced hypothermia is associated with 
coagulopathy, arrhythmia, wound infection, shiv-
ering which leads to increase oxygen consump-
tion and postoperative ventilation due to decrease 
in drug metabolism. A conservative recommen-
dation would be mild hypothermia (34–35  °C) 
untill closing is started, followed by active 
rewarming. Although the evidence for this 
approach is limited [22, 24].

7.5.7  Intraoperative Aneurysmal 
Rupture

Intraoperative aneurysmal rupture is associated 
with high mortality and morbidity, the risk of 
intraoperative rupture is about 19%. It is associ-
ated with poor prognosis especially if the rupture 
occurs during induction. The intra-op rupture is 
usually due to sudden increase in the aneurysm’s 
TMPG or due to surgical manipulation or dissec-
tion. Bleeding can be severe enough to cause 
hemorrhagic shock. The anesthetic management 
varies from center to center; however, the pri-
mary goal is to aid the surgeon in controlling the 
bleed.

Temporary occlusion of the feeder artery is 
the ideal technique to control the bleeding. When 
this is not possible, mean arterial pressure (MAP) 
should be briefly dropped to 40–50  mmHg to 
reduce arterial wall shear stress, reduce bleeding, 
facilitate surgical orientation, improve the surgi-
cal field, and simplify clipping of the ruptured 
aneurysm. However, a combination of hypovole-

mia and hypotension may induce cerebral 
ischemia.

One described technique is to induce cardiac 
arrest with adenosine, infused rapidly into a large 
vein, while the operative field is suctioned and 
temporary clips (so-called pilot clips) are placed. 
There is no consensus on the optimal dose or 
method of adenosine administration. We recom-
mend that local guidelines are followed for this. 
One described regimen is the administration of 
0.3–0.4 mg/kg of adenosine to achieve a tempo-
rary arrest of approximately 45  seconds, how-
ever, controlled studies are needed to validate this 
technique [5, 21, 25, 26].

Induced flow arrest with rapid ventricular pac-
ing, using transcutaneous pacing pads provide sim-
ilar benefits seen with adenosine arrest. Sometimes 
manual compression of the ipsilateral carotid artery 
is helpful especially if there is large and uncon-
trolled premature rupture. Some clinicians admin-
ister a bolus dose or continuous infusion of 
thiopental because of its cerebro-vasoconstrictive 
and neuro protective properties. However, thiopen-
tal administration may affect hemodynamic stabil-
ity and delay recovery [21].

7.5.8  Emergence

At the end of the operation, the anesthesiologist 
should maintain a normal blood pressure and 
PaCO2, which will help the surgeon identify any 
bleeding or brain edema before closing the dura. 
Massive brain edema following the surgery may 
require the bone flap to be left out, insertion of 
ICP monitor, and postoperative sedation and ven-
tilation. Early extubation facilitating early post-
operative neurological evaluation is preferred 
after uncomplicated surgery in patients who pre-
sented with a low WFNS grade(I,II). Mild hyper-
tension (10–20% above the baseline) may 
augment cerebral perfusion particularly in 
patients with vasospasm. Blood pressure > 20% 
of baseline can be treated with Labetalol, 
Esmolol, or Hydralazine as extreme increases in 
blood pressure may lead to postoperative hemor-
rhage. If the patient fails to recover to the 
expected GCS in postoperative period, urgent 
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(non-contrast) brain CT scan is required to 
exclude intraoperative bleeding.

Poor grade patients (Hunt and Hess grades  
III–V) or who have had intraoperative complica-
tions should be admitted in the intensive care unit 
for postoperative ventilation, continuous ICP 
monitoring, and frequent neurological assess-
ment. Intravenous Paracetamol and Codeine are 
most commonly used for analgesia, long-acting 
opioid such as Morphine should be used care-
fully to avoid respiratory depression, CO2 reten-
tion and postoperative nausea and vomiting. In 
addition, Morphine may affect postoperative 
neurological assessment. Non-steroid anti- 
inflammatory drugs (NSAID) may increase risk 
of bleeding and should be avoided. Prophylactic 
anti-emetics such as Ondansetron should be 
administered. Antiepileptic prophylaxis should 
be considered for cases with temporal or frontal 
hematoma. All patients are at risk of venous 
thromboembolism; therefore, stockings should 
be applied with intermittent calf compression 
devices throughout the perioperative period. 
Pharmacological prophylaxis with low- 
molecular- weight heparin should be started on 
the second postoperative day if there are no con-
traindications [5, 11, 25, 27].

7.6  Anesthesia 
for Interventional 
Neuroradiology (INR)

Endovascular treatment of cerebral aneurysm can 
be achieved by depositing electrically detachable 
platinum coils within the aneurysmal sac reduc-
ing blood flow into the aneurysmal sac and ulti-
mately causing secondary thrombosis. When the 
aneurysm is wide necked, balloon assisted, or 
stent assisted coiling is performed to prevent the 
coils from herniating out into the parent vessel. 
One other method is to insert flow diverter stents 
to direct blood flow away from the aneurysm 
resulting in progressive thrombosis of the aneu-
rysm. The interventional radiologist generally 
selects a trans-femoral arterial approach, placing 
a large 6 French femoral sheath followed by a 
catheter. This is then directed into the Carotid 

(for anterior circulation) or Vertebral artery (for 
posterior circulation). A micro-catheter is intro-
duced through this into the cerebral circulation. 
Then detachable platinum coils are advanced into 
position and the coils deployed into the aneurys-
mal sac until an optimal seal is achieved [5]. For 
more details please refer to Chap. 8 (Subarachnoid 
hemorrhage coiling and intervention).

7.6.1  Anesthetic Concerns Include

• Remote site anesthesia.
• Radiation safety.
• Managing anticoagulation.
• Inadequate lighting (Fig. 7.4).
• Maintaining patient immobility.
• Maintain physiological stability.
• Manipulating systemic and regional blood 

flow.
• Handling unanticipated complications during 

the intervention like hemorrhage or vascular 
occlusion [5].

• Contrast related complications.
• Hypothermia management.
• Transport of critically ill patients to and from 

radiology suites.
• Smooth as well as rapid recovery for neuro-

logical evaluation [28, 29].

7.6.1.1  Remote Site Anesthesia
Anesthesia for INR is normally performed in the 
neuroradiology suite outside the operating the-
ater complex. Non-operating room anesthesia 
(NORA) procedures, compared to procedures 
performed in the operating room, have a higher 
frequency of severe injury and death [4–6]. This 
can be attributed to limited workspace, inade-
quate lighting, unfamiliar equipment, lack of 
skilled anesthesia support staff, limited patient 
access during the procedure, and unavailability 
of immediate senior help when necessary.

The INR suite is an inconvenient place for the 
anesthetist as it is an environment established for 
the needs of the radiologist, equipped with mul-
tiple bulky equipment. This is made worse by the 
movement of the C-arm around the patient. 
Consequently, access to the patient is very 
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restricted during the procedure. Therefore, it is 
very important to make sure the airway and intra-
venous (I.V) and arterial lines are carefully 
secured, and long anesthesia circuits and lines are 
utilized. Moreover, temperature monitoring and 
patient warming is very important as the need for 
low INR suite temperatures to ensure proper 
functioning of the radiological equipment 
exposes the patient to hypothermia (Fig. 7.2).

The anesthetist should make himself familiar 
with the environment and equipment and should 
ensure that appropriate drugs and support are 
available before starting a case at the neuroradi-
ology suite [30].

7.6.1.2  Radiation Safety
Patients and staff are exposed to high doses of 
ionizing radiation at the INR suite. Digital sub-
traction angiography delivers considerably higher 
radiation than fluoroscopy. Since radiation expo-
sure poses a significant health risk, conscious 
measures must be taken to minimize exposure 
risk. Therefore, during the whole procedure, all 
staff in the radiology suit should minimize their 
exposure by wearing protective lead aprons of at 
least 0.5 mm thickness, thyroid shields, eye pro-
tection, radiation exposure badges and stay as far 
away from the radiation source as possible. 
Recent evidence suggests that anesthetists may 
be exposed to a significant amount of scattered 
radiation, which increases the risk of cataract for-
mation [21, 31, 32].

7.6.1.3  Anticoagulation
The persistent decrease in morbidity and mortal-
ity by dual antiplatelet agent therapy in coronary 
artery thrombosis patients experiencing percuta-
neous coronary intervention (PCI) has drawn 
interest for their use in endovascular interven-
tions of the central nervous system (CNS). 
Careful management of anticoagulation is para-
mount to prevent thromboembolic complications 
during and after the procedure. The procedure 
itself is inherently thrombogenic due to the inser-
tion of various catheters, thrombogenic nature of 
material instilled and the subsequent endothelial 
trauma. Therefore, all INR patients should be 
anticoagulated with I.V unfractionated Heparin 
(70  IU/kg) to obtain a 2–3 fold increase in 
Activated Clotting Time (ACT 250 s) [21].

Antiplatelet agents are being increasingly uti-
lized for anticoagulation in INR procedures. The 
glycoprotein IIb/IIIa inhibitors like Abciximab 
are used for management of acute thromboem-
bolic complications during the procedure. Rescue 
therapy with GpIIb/IIIa inhibitors is associated 
with significant less morbidity and mortality 
when compared to thrombolytic agents.

I.V. Aspirin is also used in combination with 
Heparin and Abciximab to avoid vascular occlu-
sion secondary to thromboembolism, it is used 
pre-, intra-, and post-procedure at the request of 
the radiologist [33].

The Thienopyridine derivative, Clopidogrel is 
added to Aspirin as part of a dual antiplatelet 

Fig. 7.4 Crowded 
interventional radiology 
room with limited work 
space, limited patient 
access, inadequate 
lightning, C-arm around 
patient’s head. (Courtesy 
of Dr. Shakeel)
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regimen if it is planned to place a device like stent 
or flow divertor, primarily in patients with unrup-
tured aneurysms. Aspirin 75 mg daily is usually 
continued for life and Clopidogrel 75 mg daily 
for 3 months to reduce the incidence of thrombo-
embolic complications. For more details please 
refer to Chap. 8 (Subarachnoid hemorrhage coil-
ing and intervention).

7.6.2  Pre-Intervention Assessment

Detailed pre-anesthesia assessment as well as 
understanding underlying neurological pathol-
ogy are extremely important. Pre-anesthesia 
assessment should include baseline vital signs 
(blood pressure, heart rate respiratory rate, 
temperature, and oxygen saturation at room 
air) as well as full neurological examination to 
identify baseline Glasgow Coma Scale (GCS) 
and to recognize any neurological deficit. All 
neurological images should be reviewed. 
Possibility of a difficult airway should be 
actively sought as additional airway equipment 
and help may not be immediately available in 
the intervention suite. If risk of a difficult air-
way is present, the necessary arrangements 
must be made.

Careful cardiovascular and respiratory evalua-
tion is mandatory for all SAH patients. 
Anesthesiologists should assess functional 
capacity and cardiovascular reserve of these 
patients. Special consideration should be given to 
baseline renal parameters to assess the risk of 
possible contrast induced Nephropathy (CIN). 
Preoperative anticoagulation therapy must be 
noted. Allergy history especially to shellfish, 
iodine, and protamine is important and should be 
documented and anticipated prior to the interven-
tion [5, 21, 28].

7.6.3  Monitoring

In addition to standard monitoring, invasive arte-
rial line is required for accurate blood pressure 
monitoring and frequent blood sampling for 
ACT, electrolytes, and blood gas analysis.

Accurate invasive blood pressure monitoring 
is essential as significant hemodynamic changes 
can be encountered during the procedure. 
Moreover, specific blood pressure targets can be 
requested by the radiologist depending the clini-
cal situation. It is preferable to place the SPO2 
probe on the toe of the leg which has the femoral 
artery catheter inserted by the radiologist. This 
may allow detection of femoral artery obstruc-
tion or thromboembolism. At least 2 large bore 
IV cannulas are required for rapid administration 
of fluid and medications.

A central venous line is not routinely inserted 
but can become necessary in acutely ill patients 
requiring inotropes or vasopressors. Serious 
complications can arise from extravasations of 
contrast from central lines, as a result peripheral 
IV lines are preferred for contrast injection unless 
the central line is confirmed to be power 
injectable.

Insertion of un urinary catheter is mandatory 
due to the significant volume of heparinized flush 
solution and radiographic contrast that can be 
used along with the possible administration of 
Mannitol and Furosemide as discussed before, 
Temperature monitoring is vital to avoid hypo-
thermia which can occur in the neuroradiology 
suite due to the cold environment and potentially 
long procedures [5, 21].

7.6.4  Anesthetic Technique

Although there is limited evidence to support the 
superiority of any one anesthetic technique over 
the other for INR cases, practice should follow 
local hospital guidelines. In general, diagnostic 
procedures are done under monitored anesthesia 
care or sedation if the clinical state of the patient 
permits, while therapeutic procedures like aneu-
rysm coiling and stent/flow divertor insertion are 
done under general anesthesia [28].

7.6.4.1  Sedation for Only Diagnostic 
Procedure

For a diagnostic procedure to be successful under 
sedation, selecting the right patient is paramount. 
This requires a well informed and cooperative 
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patient. Consequently, patients presenting with 
confusion, low GCS or high WFNS grades are 
not candidates for sedation. Propofol infusion or 
midazolam with intermittent boluses of opioids 
are the most commonly employed techniques. 
While dexmedetomidine can be considered as an 
alternative, it should be avoided or used with cau-
tion in hemodynamically unstable patients. The 
usual complications of sedation like aspiration, 
hypoventilation, hypoxia, and hypercapnia can 
have disastrous consequences in aSAH patients. 
Airway equipment and emergency drugs must be 
checked and kept ready for all cases. The patient 
must be helped to obtain a final comfortable posi-
tion, as this can help the patient tolerate long 
periods of lying motionless and reduce anesthetic 
requirements [21, 34].

7.6.4.2  General Anesthesia
General anesthesia with endotracheal intubation 
is the most commonly employed technique for 
therapeutic procedures. It provides an immobile 
patient necessary to obtain the best image, reduce 
motion artifacts and minimize catheter related 
complications. Anesthetic management should 
follow the same principles employed in the care 
of a patient with intracranial aneurysms. The 
main disadvantages of general anesthesia are the 
inability to examine the patient’s neurological 
status during the procedure, hemodynamic 
changes associated with induction of anesthesia 
and consequence of endotracheal intubation and 
extubation like hypertension, coughing, and 
straining which can lead to raised ICP and re- 
bleeding. The laryngeal mask airway (LMA) can 
be considered for airway management as it per-
mits airway control with less hemodynamic 
stress as well as smooth recovery from anesthesia 
although airway protection can be a concern in 
full stomach patients and in patients who develop 
intraprocedural complications necessitating more 
invasive procedures or prolonged mechanical 
ventilation [28].

Propofol, desflurane, and sevoflurane are the 
most common anesthetic agents used in general 
anesthesia, which can provide rapid control in 
depth of anesthesia, and a smooth and rapid 
emergence.

Nitrous oxide should be avoided, as it may 
lead to expansion of micro-air emboli which may 
accidently introduced during injection of contrast 
and irrigation fluid [28].

Deliberate hypertension can be requested by 
the neuroradiologist in an attempt to improve 
collateral circulation during acute arterial occlu-
sion or vasospasm. In a sleep patient where the 
effect of deliberate hypertension cannot be 
assessed with an improvement in the patient’s 
neurological status, the blood pressure is usually 
increased by 20–30% above baseline. The first 
line agent used for inducing hypertension is 
phenylephrine. Nor-epinephrine may be consid-
ered when phenylephrine is ineffective. ECG 
changes like ST and T wave changes should be 
monitored for possible cardiac ischemia. The 
benefit of deliberate hypertension to improve 
blood flow should be weighed against the poten-
tial risk of intracranial hemorrhage. This requires 
excellent communication with the interventional 
radiologist.

7.6.5  Complications of INR 
Procedures

The complications of INR procedures can be 
acute and catastrophic, good communication 
between the neuroradiologist, anesthetist, and 
the radiographer will facilitate systematic and 
rapid management of such disasters. The pri-
mary role of the anesthesia team is to protect the 
airway, maintain adequate ventilation, and 
manipulate hemodynamics according to the 
clinical situation and institute ICP reducing 
measures as appropriate. The complications can 
be divided into CNS- and non-CNS complica-
tions. CNS complication can be either hemor-
rhagic or occlusive, while non-CNS 
complications include contrast medium reac-
tion, contrast induced nephropathy, hematomas 
at puncture site [21].

7.6.5.1  Hemorrhagic Complications
Hemorrhagic complications are considered one 
of the most catastrophic complications that 
require immediate intervention as well as good 
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communications between anesthesiologist and 
the interventional radiologist. Primary roles of 
anesthesiologist are securing airway and main-
tain adequate cerebral perfusion. Patients may 
tolerate minor leaks. Nevertheless, in significant 
bleeding, anesthesiologist should secure the air-
way, PaCO2 should be maintained between 30 
and 35 mmHg. Furthermore, brain edema should 
be treated with either mannitol or hypertonic 
saline.

Immediate reversing of heparin with prot-
amine should be considered (1  mg Protamine 
/100  IU Heparin given in the last 2  h). 
Antihypertension medications should be 
reserved for patients with clinical evidence of 
worsening end-organ deterioration and 
extremely high blood pressure in order to main-
tain adequate cerebral perfusion in areas with a 
loss of autoregulation. It is sensible to retain the 
blood pressure at the same level before the re-
bleeding. Aneurysm perforation can be treated 
via packing the defect with coils. If the coiling 
fails, emergency craniotomy should be consid-
ered. New SAH may complicated with acute 
hydrocephalus which requires emergency EVD 
[21, 32].

7.6.5.2  Occlusive Complications
Vascular occlusion may cause cerebral infarction 
if not promptly treated. It may be caused by 
thrombosis, vasospasm, or mal position of equip-
ment like coils, stents, or microcatheters.

Anesthesiologists should raise arterial blood 
pressure (160–180 mmHg in secured aneurysm, 
140–160 in unsecured aneurysm) to increase col-
lateral blood flow. Furthermore, avoiding hyper-
ventilation is extremely important to avoid 
cerebral vasoconstriction. Angiographically 
noticeable thrombus is cured via mechanical 
lysis by the radiologist using a guide wire or local 
saline infusion [21].

Thrombolytic agents such as tissue plasmin-
ogen activators (tPA) may be considered to 
cure intraoperative thrombosis, however, there 
is no strong evidence to support routine use of 
tPA.  The recanalization success rate of local 

intra-arterial tPA was 44% [21, 35]. Intravenous 
or intra- arterial antiplatelet has shown promis-
ing results with less morbidity and mortality 
than thrombolytic therapy [36]. Intervention 
radiologist may play a major role in clearing 
the parent artery by removing Mal-positioned 
coils. If endovascular trial fails, craniotomy 
should be considered [5, 21]. Vasospasm 
treated with maintain high perfusion pressure, 
good hydration, nimodipine, and balloon 
angioplasty. For more details, please refer to 
Chap. 10 (complications and critical care 
management).

7.6.5.3  Contrast Reactions
Contrast reactions are usually caused by hyperto-
nicity, direct cardiac depression, idiosyncratic 
anaphylactoid reaction. Prophylactic steroids and 
antihistamine should be considered for patients 
who had previous reaction to contrast [5, 37]. The 
incidence of anaphylactoid reaction is law with 
nonionic contrast. However, the incidence of 
lethal reactions was comparable with ionic con-
trast (1:10.000) [21, 38].

7.6.5.4  Contrast Induced 
Nephropathy (CIN)

It is defined as an increase of Serum Creatinine 
by 25% above the baseline by 48 h or an absolute 
increase of >0.5 mg/dl [39, 40].

This is one of the most common causes of 
renal failure. The risk factors include diabetes 
mellitus, high dose of contrast, volume depletion, 
co-administration of nephrotoxic medications, 
and preexisting renal disease Table 7.3.

Table 7.3 risk factors of CIN [39]

Modifiable risk factors
Non-modifiable risk 
factors

Volume of infused contrast. Diabetes mellitus.
Concomitant administration 
of nephrotoxic agents.

Chronic kidney 
disease (CKD).

Recent exposure to contrast. Shock /refractory 
hypotension.
Elderly (>75 years)
Advanced congestive 
heart failure.
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Pre-Procedural Management for High-Risk 
Patients

Volume Repletion
a. Adequate hydration with isotonic saline (nor-
mal saline) is strongly recommended. Infusion of 
normal saline (1 L) should be started 3 h before 
the intervention at rate 100–150 ml/hr. and con-
tinued 6–8 h after the procedure [39].

b. Infusion of isotonic Sodium bicarbonate 
(154 mEq/l) at rate 3 ml/kg/h for 1 h before con-
trast infusion, then reduced to 1 ml/kg/h for 6 h 
post the intervention. However, only one study 
supported using sodium bicarbonate over normal 
saline and further studies required to support use 
sodium bicarbonate [41].

Patient Medication
Avoiding potentially nephrotoxic drugs such as 
non-steroidal anti-inflammatory drugs (NSAID), 
Aminoglycoside antibiotics.

Intraoperative Management for High-Risk 
Patients
• Minimize contrast volume, literatures [42]
• Low- or iso-osmolar contrast agents.
• Maintain euvolemia.
• Maintain perfusion pressure [39].

Postoperative Management
• Follow-up for 48 h post intervention.
• Hold nephrotoxic medications till renal func-

tion returns to normal.
• Maintain euvolemia [39]

7.6.6  Postoperative Care

All patients should be admitted to a high depen-
dency unit after the procedure, unless there is 
indication for intensive care admission. 
Continuous neurological assessment is manda-
tory to identify any new neurological deficit 
which can herald the onset of an intracranial 
complication like vasospasm, cerebral edema, or 
hydrocephalus.

In order to avoid femoral hematoma, Hip flex-
ion on the side of the femoral catheter should be 
avoided and patient should be kept at reverse 
Trendelenburg position for at least 3  h post- 
catheter removal and direct pressure should be 
applied on femoral artery for at least 20 min after 
catheter removal.

In patients with occlusive conditions or vaso-
spasm, high mean arterial pressures are required 
to maintain cerebral perfusion pressure as well as 
continued treatment with nimodipine for 3 weeks.

Reevaluation for aneurysm re-growth and 
development of a new aneurysm are strongly rec-
ommended at 6  months post-intervention, then 
another reassessment at 18  months from initial 
intervention is suggested [5, 28, 43].

7.7  Conclusion

A neuro-anesthesiologists may play a major role in 
improvement of the outcome of subarachnoid hem-
orrhage patients by maintaining overall hemostasis 
and adequate cerebral perfusion pressure, prevent-
ing or limiting the fluctuations in transmural pres-
sure gradient, brain edema, cerebral vasospasm 
during all phases of anesthesia. Anesthesiologists 
should be familiar with pathophysiology, manage-
ment of subarachnoid hemorrhage and its neuro-
logical as well as non-neurological complications. 
Prediction, early recognition, and immediate 
proper management of the complications are vital 
to improve the outcome of subarachnoid patients. 
Endovascular management is a rapidly expanding 
field, anesthesiologists should be aware of all the 
challenges of non-operating room anesthesia.
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8.1  Introduction

Interventional neuroradiology is an integral part 
of any neuroscience service and helps in the pro-
gresses of understanding vascular diseases in the 
central nervous system (CNS) [1]. Aneurysmal 
subarachnoid hemorrhage (SAH) remains a dev-
astating and often fatal condition. In patients who 
survive the initial ictus, the aneurysm is targeted 
for obliteration to prevent re-bleeding and its 
consequent complications. Endovascular treat-
ment by coiling has emerged as a less invasive 
alternative to conventional surgical clipping of 
the aneurysm [2]. The first endovascular attempt 
to treat a cerebral aneurysm was attempted by 
Luessenhop and Velasquez in 1964 where a sili-
con balloon was used to occlude the aneurysm 
[3]. Endovascular coiling, as we know now was 
pioneered by Guglielmi et al. 1991, using what 
was called the Guglielmi detachable coils (GDC 
coils) [4]. Now, this has been replaced with newer 
and more advanced coils from different 
manufacturers.

The initial results of the International 
Subarachnoid Aneurysm Trial (ISAT) of neuro-
surgical clipping versus simple endovascular 
coiling in 2143 patients with ruptured intracra-
nial aneurysms were originally published in 2002 
and was conducted to establish comparative out-
comes in a prospective randomized fashion in 
patients equally suitable for either endovascular 
coiling or surgical treatment [5]. For such 
patients, the absolute reduction in death and mor-
bidity was 6.9% and the relative risk reduction 
was 23% [6]. A complete analysis at 1  year 
revealed that the absolute and relative risk reduc-
tions had increased to 7.4 and 24%, respectively 
[5]. This trial had a dramatic impact on the man-
agement of aneurysmal SAH, resulting in an 
increase in the proportion of patients treated by 
endovascular coiling [7].

Interventional Neuroradiology (INR) is a sub-
specialty of neurology, neurosurgery, and radiol-
ogy where minimally invasive imaging based 
techniques are utilized for the treatment of dis-
eases of the central nervous system. Conditions 
in the past that would have required major surgi-
cal intervention can now be treated using a mini-
mally invasive endovascular approach.

Endovascular surgical neuroradiology, neuro-
interventional surgery, interventional neuroradi-
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ology and endovascular neurosurgery are 
different names given to the same service prac-
ticed by physicians having different medical 
backgrounds. In Europe it is mostly performed 
by interventional neuro-radiologists, in North 
and South America it is shared mainly by neuro-
surgeons and neuro-radiologists, while in Japan 
most procedures are performed by neurosur-
geons. This multidisciplinary aspect of the filed 
has resulted in tremendous vitality and richness 
in terms of evidence and techniques.

Currently endovascular treatment is recom-
mended for the following:

 1. All aneurysms associated with subarachnoid 
hemorrhage (especially the posterior circula-
tion and cavernous carotid aneurysms) as it is 
less invasive and associated with a shorter stay 
in ICU/hospital and quicker patient recovery.

 2. Non-ruptured aneurysms associated with 
increased bleeding risks (e.g. large irregular 
size, comorbidities) justifying their treatment. 

 3. High risk patients with multiple co-morbidi-
ties. (old age, bad neurological status) [8].

The main disadvantage of aneurysm coiling is 
that it has a high rate of recurrence reaching 6% 
in large aneurysms (10 mm up to 25 mm in size) 
and 30% in giant aneurysms (more than 25 mm 
in size). A majority of these recurrences needs a 
complementary treatment [9]. Moreover, the cost 
of endovascular treatment is higher, when com-
pared to surgical clipping.

This chapter aims to provide the reader with a 
basic overview of the concepts of endovascular 
treatment, procedures, possible complications, 
and outcome in the endovascular management of 
ruptured cerebral aneurysms.

8.2  Concept of Treatment

A cerebral aneurysms requires two factors to 
develop; first a defective vessel wall whether 
congenital (collagen diseases), degenerative (ath-
erosclerotic), infective (mycotic) or traumatic 
(dissection). This weak wall when exposed to the 

second factor of continuous sheer stress of blood 
flow starts to yield and dilate secondary to the 
vortices and eddy currents developing inside 
until it ruptures resulting in subarachnoid hemor-
rhage (Fig. 8.1).

The shape of the aneurysm is determined by the 
surrounding subarachnoid septations and spaces, 
we can always define a fundus, sac, and neck for 
every aneurysm. The largest diameter (dome) 
defines the size of the aneurysm (Small <10 mm, 
large 10–25 mm and Giant >25 mm) while the neck 
is considered small if <4 mm and wide if >4 mm or 
greater than 50% of the dome [10] (Fig. 8.2).

There are two approaches to the endovascular 
treatment of cerebral aneuryrsms—either to 
exclude the aneurysm from the circulation by 
filling the fundus, sac, and neck with thrombo-
genic material (e.g. coils or liquid embolic mate-
rial) while preserving the patency of the parent 
artery or by diverting the blood flow away from 
the aneurysm by placing a flow diverter in the 

SE

A

Fig. 8.1 A drawing showing the two etiological factors 
developing cerebral aneurysms; Point of wall weakness 
and the sheer stress on walls by the blodd flow. SE: sac 
entrance. Yongxue Zhang et al. Total Endevascular Repair 
of Thoracoabdominal Aortic Aneurysms With Non- 
Customized Stent Grafts. Ann Thorac Surg; 2014; 
98:1606–12
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parent artery (endo-luminal diversion) or dis-
rupting the flow inside the aneurysmal sac by 
placing a small device inside (Intra-saccular 

diversion). In both types of diversion, gradual 
and spontaneous thrombosis of the aneurysm 
occurs.

8.3  Equipment and Materials

8.3.1  The Angio Suite

Angiography is the process of visualizing a blood 
vessel’s lumen and blood flow characteristics 
using digital subtraction technique after injecting 
a contrast dye. Most modern angiography suites 
have a biplane machine, which utilizes two 
X-Ray tubes capable of simultaneously acquiring 
two image planes. The arms of the biplane have 
the ability to move over a wide area, warranting 
careful patient positioning and organization of 
patient monitors, lines, wires, tubing, etc. to 
avoid any injury, disconnection or mishap. The 
new generation of angio suites are equipped with 
softwares that make detection and visualization 
of vascular anomalies much easier, thereby 
assisting the physician in obtaining the best views 
and to develop the best strategy to manage the 
lesion (Fig. 8.3).

DomeNeck

D/N Ratio = L(dome) / L(neck)

L = length

Fig. 8.2 The dome (maximum dimension)/neck relation 
in any aneursym weather smaller or larger than two should 
determine the strategy of endo-vascular treatment. 
Yongxue Zhang et  al. Total Endovascular Repari of 
Thoracoabdominal Aortic Aneurysms With Non- 
Customized Stent Grafts. Ann Thorac Surg; 2014; 
98:1606–12

Fig. 8.3 Modern angio 
suite with a biplane 
machine and a complete 
setup for general 
anestheisa
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8.3.2  Introducers (Sheaths)

A sheath is a small tube that is inserted through 
the skin and subcutaneous tissue to acquire vas-
cular access. Commonly used sizes are 4Fr up to 
9Fr that can vary in length from 3 cm to 90 cm. 
The arterial access can be from the femoral artery, 
radial artery or less commonly the carotid artery 
in the neck.

8.3.3  Catheters

Vascular catheters are categorized as either diag-
nostic or guiding catheters. Both diagnostic and 
guide catheters have different head shapes to 
choose from. Diagnostic catheters commonly 
used range from 4Fr to 6Fr in adults and are used 
for diagnostic angiogram. Guiding catheters 
range from 6Fr to 8Fr in adults with a stainless 
steel braided core that gives the extra stiffness 
necessary for passing other equipment like micro 
catheters and guide wires inside. Guiding cathe-
ters can only be passed as high up as cervical 
carotids but they are too stiff to be safely placed 
intracranially. All diagnostic and guiding cathe-
ters are advanced inside the vessels over guide 
wires. The most commonly used guide wire is the 
0.035 inch hydrophilic wires (Fig. 8.4).

8.3.4  Microcatheters

Microcatheters are small catheters usually less 
than 3Fr that can be navigated into intracranial 
vessels. They require the use of micro wires 
inside them to steer and guide their way into the 
cerebral vessels.

8.3.5  Micro-Guide Wires

Micro-guide wires are used to guide microcathe-
ters, stents, and balloons to target intracranial 
vessels. It is smaller than regular guide wires 
with a diameter of 0.014 inch having pre-shaped 
or shapeable distal ends.

8.3.6  Torque Device

Torque devices are used at the operator end to 
effectively translate torque from the user end to 
the tip of the wire in the patient.

8.3.7  Balloons

Endovascular balloons are of two types–compli-
ant and non-compliant. Compliant balloons are 
low pressure balloons that when inflated take the 
shape of the vessel in which they are inflated mak-
ing them useful for temporary vessel occlusion or 
balloon assisted aneurysm coiling. On the other 
hand, non-compliant balloons are stiff and expand 
to a particular shape and size at a given pressure, 
making them best suited for angioplasty.

8.3.8  Stents

Stents are intravascular structures that can either 
have an open cell, closed cell or braided 
 construction. The cells of a closed cell stent are 

Fig. 8.4 Different types of diagnostic catheters for cere-
bral angiogram. Boston Scientific. “Imager™ II.” 
Imager™ II Angiographic Catherer—Baston Scientific, 
w w w. b o s t o n s c i e n t i f i c . c o m / e n -  U S / p r o d u c t s /
catheters%2D%2Ddiagnostic/imager- ii- angiographic- 
catheter.html
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completely surrounded by struts, whereas the 
cells of an open cell stent are only partially sur-
rounded by struts. Consequently, closed cell 
stents are stiffer and have a lower incidence of 
embolic complication.  However,  the open cell 
stents are better suited for stent assisted aneu-
rysm coiling. Flexibility and scaffolding are key 
characteristics derived from stent designs 
Braided stents on the other hand have a woven or 
interlaced metal fiber microarchitecture, which 
usually forms the basis of flow diverter stents. 
The stents can be broadly classified as balloon 
mounted or self-expanding stents. Balloon 
mounted stents are loaded on to a non-compliant 
balloon which when inflated, simultaneously 
expands, and deploys the stent. The self-expand-
ing stents are made from a metal alloy (Nitinol) 
with a shape memory. They are preloaded on a 
delivery catheter and are deployed by pulling 
back the delivery catheter and holding the stent 
in place with a pusher device (Fig. 8.5).

8.3.9  Flow Diverting Stents

Flow diverters are special types of stents which 
are woven tightly, having sub- millimeter spaces 
between its metal elements (struts) and acts more 
like a tube than a regular stent passing 90% of 
the inlet flow through the outlet opening with 
only 10% escaping through the side walls. Flow 
diverters are placed across the neck of the aneu-
rysm in the parent vessel with the aim of divert-
ing blood flow away from the aneurysmal sac 
and greatly reducing chances of aneurysm rup-
ture and allowing the aneurysm to undergo spon-
taneous thrombosis. All types of stents require 

the patient to be pre-medicated with an antiplate-
let regimen that continues up to 1 year after stent 
placement. This regimen will be further dis-
cussed later (Fig. 8.6).

8.3.10  Coils

Cerebral aneurysm coils are generally thin plati-
num wires which come in various sizes and 
shapes and sometimes with certain bioactive 
materials incorporated into them to enhance 
thrombosis. These coils are wound in a tight helix 
called the primary wind. These can then be coiled 
into another helix or predetermined 3D structure. 
Although a detailed review of the different types 
of coils is beyond the scope of this book, the fol-
lowing are a few types of coils.

8.3.10.1  Helical Coils
GDC was the first helical coil that was FDA 
approved for treating intracranial aneurysms. The 
coil is made of platinum attached to a stainless steel 
pusher. Once the coils are placed in position, they 
can be detached from the stainless steel pusher elec-
trolytically. They are no longer used and replaced 
by other brands from different companies.

8.3.10.2  3D Coils/360 Coils
Framing coils or primary coils–these coils attain 
complex 3D structures once deployed, which can 
be then used as a frame to insert other coils within 
it to enhance aneurysm packing (Fig. 8.7).

8.3.10.3  Hydrogel Coils
These coils are incorporated with hydrogel which 
is a highly absorbent polymer which expands 

Fig. 8.5 ELVIS stent 
(Microvention) having 
have a woven or 
interlaced metal fiber 
microarchitecture. 
Microventin. 
“MicroVention.” 
Microvention. www.
mircoventin.com/emea/
product/lvis- family
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Pipeline

Silk Surpass

Fig. 8.6 Different brands of endo-luminal flow diverters 
for the treatment of wide neck aneurysms. Ghobani. 
Mohammad, et  al. “Flow diverter Embolization Device 

for Endovascular Treatment of Rupured Blister and Wide 
Necked Very Small Aneurysms.” Heliyon, vol. 5, no. 9, 
2019, https://doi.org/10.1016/j.heliyon.2019.e02241

a b cFig. 8.7 Demonstrating 
the difference between 
(a) complex 3-D coils, 
(b) Helicals coils and (c) 
large volume coils. 
Themes, UFO. 
“Intracranial 
Aneurysms.” Radiology 
Key, 3 Dec. 2016, 
radiologykey.com/
intracranial-aneurysms/

A. L. Aliyar and A. Z. A. Mohamed

https://doi.org/10.1016/j.heliyon.2019.e02241


103

when it come into contact with fluids like blood. 
This improves aneurysm packing and also sup-
ports thrombosis (Fig. 8.8).

8.3.11  Intra-Saccular Diversion 
Devices

The intra-saccular aneurysm embolization sys-
tem is a permanent Nitinol (nickel titanium) self- 
expanding mesh ball implant. The implant is 
placed into the sac of the intracranial aneurysm 
and designed to disrupt blood flow entering the 
aneurysm and help promote thrombosis. It is pro-
vided in several sizes and models to cater to the 
size of different aneurysms and unlike regular 
flow diverters or stent do not require antiplatelet 
premedication, which favors them in the acute 
treatment of ruptured cerebral aneurysms.

8.4  Procedures and Techniques

8.4.1  Anesthesia

General anesthesia (GA) is usually preferred to 
achieve complete immobilization of the patient 
to avoid intracerebral trauma that can occur if 
the patient moves while instrumentation is being 
attempted. Moreover, a vascular road-mapping 

technique is used to guide coil delivery during 
the procedure, this becomes inaccurate due to 
motion artifacts if the patient moves after a road-
map has been created. GA would also allow bet-
ter hemodynamic and ventilatory control of 
patients during the procedure. This becomes 
more important in patients with a ruptured aneu-
rysm and subarachnoid hemorrhage. While GA 
is the preferred anesthetic technique, care should 
be taken to avoid the hemodynamic disturbances 
that commonly occur during induction and 
intubation.

8.4.2  Access

Classically these procedures have been per-
formed through the femoral arterial approach due 
to their large caliber, rich lower limb collaterals, 
easy access, and distance from the angio machine. 
The femoral artery is the distal extension of the 
external iliac artery as it travels deep to the ingui-
nal ligament. It is bound by the femoral vein 
medially and the femoral nerve laterally. Distally, 
it bifurcates into the superficial and deep femoral 
arteries.

The radial arterial or direct carotid approach 
can be used in patients who have atherosclerotic 
femoral arteries, local infection or lesions of the 
iliac artery or aorta.

Fig. 8.8 Simple coiling of ruptured right internal carotid tip aneurysm. Courtesy by Dr. Ayman Z. Ahmed
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8.4.3  Simple Coiling

Simple coiling is suitable for all intracranial 
aneurysms with sac-to-neck ratios >2.0 [11]. 
The greater this ratio, the easier it becomes for 
coil deposition and coil stability within the 
lesion. Simple coiling refers to trans-arterial 
advancement of a micro catheter into the aneu-
rysmal sac with the help of micro-guide wire 
followed by the delivery of detachable coils to 
achieve dense packing and induce blood clot 
formation within the  aneurysmal sac, hence iso-
lating it from active circulation [12]. Tight coil 
packing with density of at least 20–25% is 
known to be important for preventing recanali-
zation after embolization of cerebral aneu-
rysms. However, the most important risk factor 
for recanalization is residual volume and  not 
packing density. The larger the aneurysm vol-
ume, the greater the packing density has to be to 
minimize the residual volume and risk of recan-
alization [13].

Large series confirmed the feasibility of aneu-
rysm coiling (96.9% in ruptured aneurysms and 
94.0% in non-ruptured aneurysms), with accept-
able procedural mortality (1.4% in ruptured 
aneurysms and 1.7% in non-ruptured aneurysms), 
and morbidity rates (8.6% in ruptured aneurysms 
and 7.7% in non-ruptured aneurysms) [14, 15] 
(Fig. 8.12).

8.4.4  Treatment of Wide Neck 
Aneurysms

An aneurysm is considered to have a wide neck if 
the diameter of the neck is greater than 4 mm or 
a fundus: neck diameter ratio of two or less. The 
smaller the ratio the greater the chances of a coil 
herniating back into the parent vessel lumen. 
Despite the advances in coils and techniques, 
endovascular coiling of wide necked aneurysms 
remains a challenge due to reasons like coil her-
niation, coil compaction, low volumetric filling, 
and recanalization. The following are techniques 
used to overcome this problem (Fig. 8.2).

8.4.4.1  Balloon Assisted Coiling (BAC)
In this technique both a microcatheter and a sili-
con balloon are simultaneously used either 
through a single large guide catheter or two guide 
catheters. This silicon balloon is advanced up to 
the level of the aneurysm neck followed by intro-
duction of the microcatheter into the aneurysm. 
This is followed by slowly deploying the coil into 
the aneurysm. If the coil has a tendency to herni-
ate out, the balloon is gently inflated to hold the 
coil within the aneurysm. After the coil is com-
pletely introduced in the aneurysm, the balloon is 
deflated and the coil observed to ensure that it is 
stable before detachment. This process can be 
repeated with multiple coils until adequate filling 
of the aneurysm is achieved. Although the bal-
loon modeling technique has allowed us to coil 
wide neck aneurysms, it does not come without 
complications. Balloon inflation against an unse-
cured aneurysm can cause neck deformation or 
aneurysm rupture. At the same time inflation in 
smaller vessels can cause vessel rupture or throm-
bosis. In non-ruptured aneurysms, the rate of 
thromboembolic events was not higher in the 
BAC group as compared with coiling alone (5.4% 
versus 6.2%) with a similar clinical outcome in 
both groups. In ruptured aneurysms, the rate of 
thromboembolic events was also similar in both 
groups (12.7% in the coiling group and 11.3% in 
the BAC group). The treatment morbidity was 
3.9% in the coiling group and 2.5% in the BAC 
group, and treatment mortality 1.2% in the coil-
ing group and 1.3% in the BAC group [16, 17] 
(Fig. 8.9).

8.4.4.2  Stent Assisted Coiling (SAC)
This technique is similar to that of BAC except 
here a stent with an open cell construction is first 
placed to cover the aneurysm neck followed by 
introduction of a microcatheter into the aneurysm 
through one of the stent cells. The coil is then 
deployed into the aneurysm while the stent acts as 
a scaffold holding the coils within the aneurysm. 
In patients with un ruptured aneurysms, the  
stent can be left in place along with the coils,  
provides the patients are premedicated with 
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 antiplatelet agents. In ruptured aneurysms, where 
antiplatelet agents cannot be used as a primary 
option, the stent can be retrieved again through the 
deployment microcatheter and removed after suc-
cessful coil placement. In a multicenter registry, a 
total of 107 patients with 107 aneurysms were 
enrolled that were treated with SAC. The complete 
occlusion rate after the procedure was 66.4%. An 
additional 14% of the treated aneurysms showed a 
progressive occlusion at 12–18 months follow-up; 
aneurysm recurrence rate was 9.7%. Subsequently, 
4% of the aneurysms were retreated. The peri- 
procedural thromboembolic rate was 3.7%; 
delayed thromboembolic events were observed in 
3%. The overall mortality rate at 12–18  months 
was 1%, and the permanent morbidity rate was 1% 
[18] (Fig. 8.10).

8.4.4.3  Three-Dimensional Coils (3D 
Coils)

These 3D coils assume a complex shape once 
they exit the microcatheter and enter the aneu-
rysm. The idea is that these 3D coils cover the 
aneurysm neck and prevent subsequently 
deployed coils (3D or regular) from herniating 
out of the aneurysm (Fig. 8.11).

8.4.4.4  Simultaneous Coil Deposition
In this technique two coils are deployed into the 
aneurysm simultaneously (by two micro- 
catheters) with the goal of achieving a complex 
shape that covers the aneurysm neck and at the 
same time the intermingling of the two coils pre-
vent each other from herniating out.

Fig. 8.9 Balloon assisted coiling (BAC) of ruptured anterior communicating artery aneurysm. Courtersy by Dr. Ayman 
Z. Ahmed

Fig. 8.10 Stent assisted coiling (SAC) of wide neck non-ruptured Left cavernous aneurysm. Courtesy by Dr. Ayman 
Z. Ahmed

8 Subarachnoid Hemorrhage Coiling and Intervention



106

8.4.4.5  Liquid Embolic Agents
Liquid embolic agents (e.g. Onyx Medtronic- 
USA) could be directly injected into the aneu-
rysm through a microcatheter while having a 
balloon deployed against the aneurysm neck to 
prevent its leakage into the parent vessel. These 
liquid embolic agents solidify immediately on 
contact with blood. Theoretically these agents 
can completely fill the aneurysm thus reducing 
the incidence of aneurysm recurrence.

8.4.4.6  Partial Embolization
Although a controversial topic, incomplete aneu-
rysm embolization could be the only feasible 
option in certain situations like ruptured large 
aneurysms with a large neck or ruptured aneurysms 
at the bifurcation of the middle cerebral artery 
owing to the complex relationship of the fundus or 
neck of the aneurysm to afferent or efferent vessels. 
The idea is that partial embolization will provide 
some security against a second bleed and allows 

Fig. 8.11 Large 3D coils for endovascular treatment of wide neck aneurysms. Courtesy by Dr. Ayman Z. Ahmed

A. L. Aliyar and A. Z. A. Mohamed



107

the patient to recover out of the ictus phase thus 
providing further options to deliver a definitive 
treatment (e.g. using stents or flow diverters with 
antiplatelet coverage).

8.4.4.7  Deconstructive Treatment
If a particular aneurysm is dissecting in nature or 
has a wide neck involving the parent artery not 
amenable to any of the above techniques and the 
patient has good collateral circulation (around 
the circle of Willis or between anterior and poste-
rior circulation of the brain), the option of parent 
artery occlusion together with the aneurysm can 
be considered to provide a definitive treatment 
and prevent recurrence (Fig. 8.12).

8.4.5  Flow Diverters

Flow diverters are  a new generation of stents 
and devices for aneurysm treatment. These 
stents require  premedication with antiplate-
let  agents. The flow diverter is placed in the 
parent artery (intraluminal flow diversion) at 
the level of the aneurysm neck diverting blood 
flow away from the aneurysm leading to grad-
ual aneurysm thrombosis. In intra-saccular flow 
disruption, mesh of the flow disruptor is placed 
inside the aneurysmal sac to create blood flow 
stasis with subsequent thrombosis. Intra-
saccular devices do not require antiplatelet pre-
medication [19].

Fig. 8.12 Parent artery occlusion (PAO) of both distal vertebral arteries to treat non-ruptured large vertebra-aneurysm. 
Patent circle of Wills filling the basilar artery in a retrograde pattern
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Treatment with flow diverters is a feasible and 
effective technique for ruptured and non-ruptured 
aneurysms with complex anatomy (Giant, fusi-
form, dissecting, large neck, bifurcation with side 
branches) where coiling and clipping are difficult 
or impossible [20]. A satisfactory occlusion was 
achieved in almost 80% of cases after flow 
diverter treatment with a permanent-related seri-
ous event and mortality rates of 5.9% and 1.2% at 
12 months, respectively [21] (Fig. 8.13).

8.4.6  Antiplatelets

If intracranial stenting or flow diversion is consid-
ered for the treatment of non-ruptured aneurysms, 
premedication with antiplatelets is mandatory. 
Aspirin, at a low-dose of 100 mg or high-dose of 
300 mg daily in combination with Clopidogrel, at 
a dose of 75  mg daily is prescribed for 5  days 
before endovascular treatment [22]. In the case of 
high-risk aneurysms (large irregularly sized aneu-
rysms or blister aneurysms) that need to be treated 
immediately, this combination can also be given 
as a single loading dose of 300 mg Aspirin with 
300  mg Clopidogrel just before the procedure 
[23]. However, it must be noted that the bleeding 
risk is higher with the single loading dose regi-
men. Antiplatelets therapy (Aspirin 100 mg with 
Clopidogrel 75  mg) should be continued for 
90 days after endovascular treatment.

About 4–50% of patients on clopidogrel are 
considered to be non-responders leading to throm-
boembolic events. Ticagrelor is another antiplatelet 

agent with low resistance rates that can be used as 
a single agent or in combination with aspirin. When 
administered alone, a loading dose of 180 mg fol-
lowed by a maintenance of 90 mg BID for 90 days 
proved safe and effective in patients undergoing 
stent or flow diverter placement [24, 25].

8.5  Complications

The rate of complications with endovascular 
treatment of aneurysm can vary between 8.4% 
and 18.9%. Endovascular treatment of ruptured 
cerebral aneurysms in patients with subarachnoid 
hemorrhage is associated with a higher incidence 
of complications as opposed to unruptured aneu-
rysms. More advanced techniques utilizing mul-
tiple endovascular devices like balloon or stent 
assisted coiling have also been reported to have a 
higher complication rate [8].

8.5.1  Thromboembolism

Thromboembolic complications in patients 
undergoing endovascular treatment of cerebral 
aneurysms have been reported to be as high as 
5–10% [26–28]. A thrombus in the parent vessel 
or in a catheter leading to downstream emboliza-
tion and stroke remains a significant problem. 
The presence of foreign material in the vascula-
ture like catheters, guidewires, balloons or stents 
naturally predispose these procedures to throm-
boembolic complications. Large diameter 

Fig. 8.13 Flow diverter treatment of non-ruptured right posterior communicating artery aneurysm. Courtesy by Dr. 
Ayman Z. Ahmed
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 aneurysms and coil protrusion are independent 
risk factors for post-procedural thrombosis.

Continuous flushing of catheters can help pre-
vent clots and subsequent clot embolization. 
Heparin is the most commonly used agent to pre-
vent thromboembolic complications. Heparin is 
administered at a dose of 70–100  IU/kg after 
arterial puncture. This is followed by top up 
doses to maintain an activated clotting time 
(ACT) of 200–250 (1.5–2 times baseline). Where 
point of care ACT is not available, heparin 
1000  IU can be administered  empirically every 
hour to maintain anticoagulation.

Aneurysm coil protrusion into the parent 
artery leaves a surface for potential thrombus for-
mation. This can be managed by inflating a bal-
loon in the parent artery to push the protruded 
coil back into the aneurysm with or without sub-
sequent stent placement to prevent re-herniation. 
Partial coil protrusion or herniation not causing 
significant parent artery occlusion can be conser-
vatively managed with antiplatelet medications.

Thromboembolic complications during endo-
vascular management of cerebral aneurysms are 
cause for major morbidity. The main sources of 
embolism are presence of friable plaques, clots 
within the aneurysm or catheters, air bubbles, 
coils vascular stasis, and iatrogenic dissection of 
vessels.

Patients with a ruptured aneurysm are in a 
hypercoagulable state predisposing them to a 
higher risk of thromboembolic complications 
[29].

8.5.2  Aneurysm Rupture

Aneurysm rupture during coil deposition has been 
reported in up to 4–5% of cases [30–32]. This can 
occur at the aneurysmal sac or neck usually while 
depositing the first coil. The main risk factors are 
hypertension, small aneurysms, and middle cere-
bral artery aneurysms. If a rupture is suspected, 
attempts should not be made to  withdraw the per-
forating coil as this helps to plug the hole and pre-
vent further bleeding. Communication between 
the interventionist and the anesthetist is para-
mount during this period. Heparin should be 

reversed with protamine at a dose of 1  mg for 
every 100 IU of heparin administered. Protamine 
has to be infused through a peripheral line over 
10–15 mins. Patients should be closely monitored 
for possible allergic reactions, hypotension, bron-
chospasm, and pulmonary hypertension. Rapid 
coiling of the aneurysm is essential to minimize 
further bleed. Once satisfactory coiling has been 
achieved a post-procedure CT head is required to 
assess the extent of bleed. An external ventricular 
drain may have to be inserted emergently in 
patients with significant bleed.

8.5.3  Vascular Injury

The utilization of endovascular devices like cath-
eters, guidewires, stents, balloons, and coils and 
their intravascular manipulation can predispose 
the patient to significant vascular injuries like 
vessel dissection, vessel rupture, formation of 
Pseudoaneurysm, and retroperitoneal hematoma.

8.5.3.1  Pseudoaneurysm
A Pseudoaneurysm occurs when vessel injury 
leads to collection of blood within the outer two 
layers of the vessel wall (Tunica Media and 
Tunica Adventitia). They usually occur at the pri-
mary access site which is usually the femoral 
artery at the groin. They present as a pulsatile, 
erythematous, and tender mass. The most com-
mon cause being improper closure techniques 
like inadequate compression or poor post-closure 
care. Hip flexion should be avoided for at least 
6  h post-procedure. If a patient presents with 
signs suggestive of an enlarging pseudoaneurysm 
post-angiography, an ultrasound must be 
requested immediately and referred to the pri-
mary interventionist or a vascular surgeon. 
Small pseudo aneurysms can be managed conser-
vatively with manual compression. Whereas, 
larger lesions may need further evaluation by 
vascular surgeons and subsequent open or endo-
vascular treatment.

8.5.3.2  Retroperitoneal Hematoma
A retroperitoneal hematoma or hemorrhage is a 
potentially life threatening complication of endo-
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vascular aneurysm coiling. It is usually the result 
of a puncture to the posterior wall of the femoral 
artery during cannulation. Multiple attempts, high 
insertion point above the inguinal ligament and 
anticoagulation therapy are potential risk factors 
to develop retroperitoneal bleeding. Patients can 
present with very non-specific symptoms like 
abdominal, back, hip or lower limb pain, and 
abdominal distension. The retroperitoneum is a 
potentially large space that can harbor a signifi-
cant bleed until the patient presents with hemody-
namic compromise. Hypotension not responding 
to fluids and a fall in hematocrit should prompt 
investigation with a CT abdomen. When diag-
nosed they need urgent treatment along with close 
patient monitoring and resuscitation.

8.5.3.3  Dissection or Rupture
Improper handling of endovascular devices can 
lead to vessel injury causing dissection or rupture 
which can become quickly life threatening if not 
immediately diagnosed and promptly treated. 
Retrograde dissections usually need no further 
intervention. However, anterograde dissections 
require emergency stenting and antiplatelet 
loading.

In the rare event, should a vessel rupture occur, 
heparin should be reversed immediately. A trial of 
intermittent balloon inflation at 3 min intervals may 
be attempted to arrest bleeding. If this fails, urgent 
vascular surgery referral must be sort and complete 
arterial occlusion may become necessary.

8.5.4  Vasospasm

Vasospasm is a common reversible complication 
that may occur 5–10 days after SAH. By-products 
of blood breakdown cause the walls of an artery 
to contract and spasm. Vasospasm narrows the 
inside diameter (lumen) of the artery and thereby 
reduces blood flow to that region of the brain, 
causing a secondary stroke. It is an indicator of 
poor outcome and a leading cause of morbidity 
and mortality in subarachnoid hemorrhage 
patients. Vasospasm most commonly occurs in 
the proximal vessels of the anterior and middle 
cerebral vessels, while less likely in the posterior 

circulation. Consequently, subarachnoid hemor-
rhage is best cared for in tertiary care centers 
with access to cerebral angiography. A high 
degree of suspicion for vasospasm is essential 
during ICU care, and any signs or symptoms sug-
gestive of such must be investigated and treated 
immediately to avoid permanent stroke and neu-
rologic deficit [33]. The primary aim is to restore 
adequate blood flow and prevent cerebral 
ischemia.

8.5.4.1  Diagnosis of Vasospasm
The gold standard radiographic test for diagnosis 
is cerebral angiography. However, this is an inva-
sive test and it is not practical for daily surveil-
lance in all cases. Up to 70% of patients with 
aneurysmal SAH show constriction of the cere-
bral arteries on angiography starting from day 3, 
but only about 50% of these patients have a neu-
rologic deficit attributable to this and 20% of them 
will go on to develop infarction [34]. Trans- cranial 
Doppler (TCD) has been shown to be reliable in 
the MCA with sensitivity of 67%. The American 
Academy of Neurology conducted a systematic 
review of the literature and concluded that TCDs 
can be used reliably to screen for the presence of 
vasospasm in the MCA, but not other vessels [35, 
36]. CT angiography has also been used in some 
centers for the detection of cerebral vasospasm. 
Several studies showed good correlation between 
CT angiogram (CTA) and digital subtraction 
angiography (DSA) in predicting vasospasm and 
that many unnecessary angiograms could be 
avoided by using CTA as a screening test [37] A 
meta-analysis found a sensitivity and specificity 
for CTA of 80 and 93%, respectively [38]. The 
only medical strategies for prevention of vaso-
spasm with enough evidence to be included in the 
guidelines for SAH patients were maintenance of 
normal circulating blood volume, and Nimodipine. 
Hopefully this will change in the future as further 
randomized trials are conducted using newer pre-
ventive therapies [33].

8.5.4.2  Endovascular Management 
of Vasospasm

In the larger cerebral vessels (ICA, M1, and 
basilar), balloon angioplasty has been shown to 
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be very effective and may be more durable. 
Angioplasty is not generally considered to be 
safe beyond the carotid or M1 segments [39]. 
This may change with the introduction of newer 
balloon catheters that are safer in more distal 
segments. We use angioplasty with great cau-
tion in the A1 segment. Verapamil and 
Nimodipine are calcium channel blockers, 
either one can be used at a dose of 10  mg by 
slow intra-arterial injections into the spastic 
vessel, if there is no systemic hypotension, it is 
reasonable to increase to 20 or 30 mg in divided 
doses if the spasm is severe. The effect of these 
drugs on the patient’s hemodynamics, intracra-
nial pressure, and subsequently the cerebral per-
fusion pressure should be monitored while 
administering these drugs. Effective communi-
cation between the anesthesiologist and the 
interventionist is essential. One study compared 
the effectiveness of balloon angioplasty to intra-
arterial nimodipine and found both therapies to 
be effective in radiographic resolution of vaso-
spasm [33] (Fig. 8.14).

8.6  Conclusion

The endovascular management of cerebral aneu-
rysms is a rapidly growing field. The continuous 
development of new techniques, sophisticated 
devices and more skilled interventionists has 
paved the way for more patients being managed 
endovascularly. Since  surgical techniques have 
not seen major advancements for a long time, it 

is  difficult to compare both methods or to con-
duct a randomized control trial for long-term 
results. Simply because by the time you can get a 
result comparing one technique of endovascular 
treatment with standard clipping, several other 
endovascular techniques would be available 
which may have better outcomes.

Since early reports for simple coiling showed 
some recanalization with large and giant aneu-
rysms, regular follow-up at 6 months to 1-year 
intervals from the date of treatment for up to 
3–4  years by angiography or other imaging 
modalities (e.g. MRA, CTA) is essential. This is 
particularly important for the early detection of 
recanalization and subsequent management.

The current guidelines for management of aneu-
rysmal subarachnoid hemorrhage recommend that 
in patients with ruptured aneurysms technically 
amenable for both endovascular coiling and clip-
ping, endovascular coiling should be considered 
first. Endovascular treatment should be approached 
with meticulous planning and preparation to mini-
mize the risk associated with the procedure and 
maximize the success rates. The current trends sug-
gest that the management of cerebral aneurysms 
with endovascular techniques will become the 
mainstay of treatment in the future.
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Surgical Management 
of Aneurysmal Subarachnoid 
Hemorrhage
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9.1  Historical Background

The dawn of surgical treatment for cerebral aneu-
rysm is based on proximal ligature of feeding 
vessel to induce thrombosis, first conceptualized 
by a Scottish surgeon, John Hunter in 1748 [1]. 
This transformative concept called Hunterian 
ligation was initially used in peripheral aneurysm 
and the first carotid ligation was done by Astley 
Paston Cooper to treat a cervical segment aneu-
rysm in 1805 [2]. Victor Horsley performed the 
first surgery to expose a giant Internal Carotid 
artery (ICA) aneurysm and treated it by bilateral 
cervical carotid occlusion [3]. The Hunterian 
ligation was subsequently refined as “fractional 
ligation” that continued to be used but with modi-
fication of “gradual occlusion” to avoid compli-
cations of ischemic strokes and giving time for 
development of collateral cerebral circulation 
[4]. With this refinement, surgeons were able to 

place different types of vascular clamps (for 
example, Selverstone clamp) in the neck to 
occlude the artery gradually and progressively 
over period of days [5]. The Hunterian ligation 
subsequently extended to “trapping” of aneurysm 
by occluding the feeding artery proximal and dis-
tal to aneurysm [6]. In 1935, Walter E Dandy 
took the credit by successfully trapping a cavern-
ous sinus aneurysm by ligating ICA proximally 
in the neck and distally intracranially [7].

The birth of direct aneurysm exposure and clip-
ping was first performed on February 6, 1937 by 
Walter E Dandy by using the sliver clips at the 
John Hopkins Hospital. In 1944, he published the 
first monograph “Intracranial arterial aneurysm” 
in which he described his experience of 36 opera-
tions with 25% morality with “cure” rate of 55% 
[8]. Meanwhile, a Portuguese neurologist Egas 
Moniz [9] developed the ability to visualize cere-
bral aneurysm by angiography that facilitated a 
planned treatment. The results of direct surgical 
intervention remained a controversy among neuro-
surgeons due to the high morbidity and mortality 
associated with direct clipping until the next leap 
occurred with the introduction of microsurgical 
techniques and the use of operating microscope 
[10]. The greatest impact of the microscope was to 
effectively illuminate the surgical corridors, vivid 
visualization of aneurysm, better understanding of 
microsurgical anatomy, and refinements in opera-
tive techniques. Now over 200 years of history of 
technological advancements with improved details 
of microsurgical anatomy and remarkable micro-
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surgical experiences, a growing generation of ded-
icated cerebrovascular neurosurgeons have been 
produced that includes but not limited to, Drake, 
Sundt, Spetzler, Dolenc, and Yasargil [11–18].

9.2  Perianeurysmal 
Environment 
and Subarachnoid Spaces

The natural history of cerebral aneurysms can be 
divided into 3 stages: (1) aneurysm formation or 
initiation, (2) growth or enlargement, and (3) rup-
ture [19, 20]. Different underlying mechanisms 
that controls evolution from one stage to next are 
multifactorial and these include hemodynamic 
loads, wall biomechanics, mechanobiology, and 
contacts with the perianeurysmal environment. 
The impetus to form aneurysm is based on the 
general concept of hemodynamic stress that 
induces focal damage in the endothelium and this 
weakening subsequently grows and enlarges, in 
due to course, ultimately manifesting as a rupture 
of vessel wall into subarachnoid spaces [21].

Aneurysms are located in the subarachnoid 
spaces and this space is compartmentalized into a 
variety of different fissures and cisterns that have 
been named according to their locations and prox-
imity to important anatomical landmarks to describe 
the relationship of the cerebral vessels to the arach-
noid spaces and to the numerous trabeculae or 
bands which suspend these vessels from the walls 
of the cisterns (Fig. 9.1). Some of the important sub-
arachnoid spaces for aneurysmal anatomical loca-
tions are Sylvian fissure, interpeduncular cisterns, 
carotid cisterns, pontine cisterns, peri-mesence-
phalic cisterns, and foramen magnum cistern. The 
traditional definition of the subarachnoid space as 
consisting of a freely communicating channel for 
the flow of CSF is an inadequate explanation that 
does not fully explain the pathophysiology of aneu-
rysmal development and does not correlate with 
operative findings. These subarachnoid spaces are 
lined by arachnoid bands that contribute in the 
development of a perianeurysmal environment [22].

Perianeurysmal environment is the term coined 
to explain the effects of all the structures and con-
tents of subarachnoid spaces that are surrounding 

the individual aneurysm in a particular anatomical 
location. Although, increase in size of aneurysm is 
thought to occur from focal vessel wall weakening 
that yields to hemodynamic pressure but rupture 
occurs when “internal” wall stresses exceed 
strength [21, 23]. However, there is a growing 
body of evidence that “internal” mechanobiologi-
cal stresses are not sufficient to explain the 
dynamic morphological changes noted in the 
course of aneurysm formation, growth and ulti-
mately rupture but there are considerable con-
straint effects of possible interaction between 
aneurysm and surrounding anatomical architecture 
of arachnoid band webs with cisternal spaces that 
form the peculiar perianeurysmal environment 
[24], From microsurgical anatomical viewpoint, 
understanding of subarachnoid spaces with peri-
aneurysmal arachnoid bands is crucial while doing 
exposure of the ruptured aneurysms. Knowledge 
of the cisternal anatomy allows precise exploration 
along the “cisternal pathways” [22].

9.3  Preoperative Assessment 
and Preparation

The aim of aneurysm treatment is to secure aneu-
rysm to prevent rebleeding or enlargement while 
simultaneously minimizing injury to brain tissue 
and cranial nerves and preserving the normal 
vasculature.

9.3.1  Timing of Surgery

In the past there had been controversy whether 
the surgery for ruptured aneurysm should be per-
formed early (<48–96  h) or delayed (>10–
14 days) [25].

Following are arguments in favor of early 
surgery:

• Once aneurysm is clipped, rebleeding does 
not occur which is the leading cause of signifi-
cant morbidity and mortality in SAH patients.

• Surgical clipping allows subsequent compli-
cations to be managed like vasospasm, sei-
zures, and unstable blood pressure that can be 
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Fig. 9.1 Different nomenclatures of basal cisterns. SylC 
(Sylvian cistern), OlfC (Olfactory cistern), CallC (callosal 
vessels cistern), LTC (Lamina terminalis cistern), CarC 
(Carotid cistern), ChiC (Chiasmal cistern), IpC 

(Interpeduncular cistern), CruC (Crural cistern), Cr3C 
(third Cranial (Occulomotor) nerve cistern), (AmbC 
(Ambient cistern), MagC (Magnum cistern), LCmC 
(Lateral Cerebellomedullary cistern)
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lethal in setting of an already devastating 
emergency.

• Surgery may also help prevent vasospasm by 
allowing for lavage of vasospasmogenic 
agents in blood from subarachnoid space.

• Overall mortality is reduced with early 
surgery.

Proponents of delayed surgery advocate so for 
the following reasons:

• Early after SAH, brain is edematous and 
inflamed which necessitates greater retraction 
of soft friable inflamed brain tissue prone to 
laceration.

• Incomplete lysis of the clot in subarachnoid 
space hampers surgery and may result in 
greater mechanical trauma to the blood ves-
sels, hence promoting vasospasm.

• There is also greater risk of intraoperative rup-
ture with early surgery.

In conclusion predominant evidence from lit-
erature favors that surgery or coiling should be 
performed as soon as possible to alleviate the risk 
of rebleeding in most patients with aneurysmal 
subarachnoid hemorrhage [26–28].

9.3.2  Preoperative Imaging

At the time admission, patients with ruptured 
cerebral aneurysm undergo computed tomo-
graphic (CT) scan along with CT angiography. In 
most of the cases CT angiography is sensitive 
enough to diagnose the cause of acute subarach-
noid hemorrhage due to underlying aneurysm. 
However, a formal digital subtraction angiogra-
phy (DSA) is carried out to further delineate the 
details of cerebral angioarchitecture including 
morpho-diagnosis of aneurysm. DSA study is 
studied in detail by neurosurgeons with highly 
valuable input provided by a neuroradiologist/ 
neurointerventionist hence enabling the operating 
surgeon to formulate an imaginative strategy prior 
to actual proceedings of clipping. In addition to 
taking into consideration anatomical configura-
tion and morphology, neck and dome/neck ratio, 
there is a need to understand the parent vessels, 

perforators as well as any vessels arising from the 
aneurysm and the whole vascular construct of col-
lateral circulation surrounding the aneurysm [29].

9.3.3  Operating Microscope

Since 1960s, micro-neurosurgery has been revo-
lutionized with the use of operating microscope 
[10]. It has become an essential armamentarium 
for aneurysmal surgery in particular as it provides 
advantage of properly illuminated surgical corri-
dor, anatomical details under high magnification, 
and ease of approaching the surgical field from 
different angles for optimal access and exposure 
[30]. Operating microscopes must be assessed 
and prepared prior to each case that includes bal-
ancing, focus/orientation of the camera, and 
checking of automated functions before the sterile 
draping. The placement of microscope in the 
operating room is decided in relation to surgical 
positioning of patient, neurosurgeon’s handed-
ness, scrub nurse and other equipment location.

9.3.4  Aneurysm Clips

Historically, Walter Dandy was the first person 
who accomplished direct clipping of internal 
carotid artery aneurysm with malleable silver 
clip in 1937 [31]. Afterwards, aneurysm clips 
have been progressively undergoing improve-
ment and refinement in terms of their biocompat-
ibility, metallurgic properties, and designing as 
per need of cerebrovascular surgeons. There a 
variety of different aneurysm clips that has been 
designed and branded by manufactures according 
the need of the contemporary cerebrovascular 
surgeons including Yasargil, Drake, Sugita and 
Spetzler [32–34]. All these clips satisfactorily 
accomplish the aneurysm obliteration with ease 
in intraoperative use with respective clip applica-
tor and have paramagnetic compatibility due to 
titanium metal for postoperative magnetic imag-
ing [35]. The choice of size, shape, and angle 
depends upon done orientation, neck size, and 
visual angle of surgical corridor (Fig.  9.2). In 
terms of difference, temporary clips have less 
closing force at their blades as compared to per-
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manent clip. Futuristic aneurysm (smart) clips 
are being aimed to design with nanotechnology 
with highly robust biocompatible materials 
equipped with “electronic sensing” technology at 
their tips to create a perioperative multidimen-
sional angioarchitectural modeling combined 
with robotic application [34].

9.4  Surgical Positioning 
and Approaches

9.4.1  Surgical Positions

The surgical position is key to gain optimal 
access to a proper surgical corridor. After gen-
eral anesthesia, the patient’s head is fixed in a 

3-point fixation head clamp (Mayfield ®device) 
and then positioned accordingly, depending on 
the location of the aneurysm. In addition to opti-
mal access to specified surgical corridor, the 
principles for positioning involves the utiliza-
tion of gravity in pulling lobes, or the brain, 
away from the skull base, therefore minimizing 
manual brain retraction during surgery. The 
head is  elevated above the heart to achieve ade-
quate venous drainage. The neck is then 
extended to achieve the gravitational displace-
ment of brain away from the skull base. After 
that, the patient’s head is rotated away from the 
side of the aneurysm (Fig. 9.3). For example, for 
most anterior circulation aneurysms, the head is 
rotated 15–30° away from midline to the contra-
lateral side of aneurysm. Head rotation flexibil-

Max opening 9.0 mm

Closing force 150g

4.0

4.0

17.8

1.3

4.0

5.5

17.8

1.3

No. C01

Sugita 2 YASARGIL

Max opening 8.0 mm

Closing force 200g

Step height 2.5 mm

Step height 3.5 mm

Step height 4.5 mm

(Blade length 5 mm)

FT770T

Max opening 8.0 mm

Closing force 200g

FT771T

Max opening 8.0 mm

Closing force 200g

FT772T

No. C02

No. C03

Max opening 10.0 mm

Closing force 150g

Max opening 10.0 mm

Closing force 150g

3.0

4.0

16.8

1.3

Fig. 9.2 Commercially available aneurysm clips. Sugita 2 clip (left). YASARGIL clip (right). The figure is modified 
from their catalogs. All the numbers are in millimeter (mm)
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ity is assessed preoperatively, and an ipsilateral 
shoulder roll can help reduce cervical spine 
restricted mobility [36].

9.4.2  Surgical Approaches

9.4.2.1  Perianal Approach
The pterional craniotomy is the key approach for 
most of the aneurysms in the anterior circulation, 
as well as allowing an operative window for basi-
lar tip aneurysms [37]. After fixing and position-
ing the head as described above in surgical 
positioning section, skin incision is marked with 
indelible marker (Fig. 9.4). Superficial temporal 
artery and at least one of the branches preferably 
preserved for their potential harvesting in the 
future vascular bypass. The temporalis muscle 
can be divided along its fibers from the base of 
zygomatic arch and dissected upwards to the 
superficial temporal line followed by its detach-

ment from its insertion. Raising a single layer 
myofascial flap and interfacial dissection helps 
minimize cosmetic complications and prevent 
injury to the frontalis branch of the facial nerve 
[38].

Burr holes are placed in the squamous seg-
ment of the temporal bone, just beneath the supe-
rior temporal line and in the anatomical key burr 
site at the anterior end of zygomatic arch. The 
bone flap is raised by connecting these burr holes 
by using high-speed craniotome (Fig.  9.4). To 
achieve adequate access and exposure to the skull 
base, the lateral aspect of the sphenoid ridge is 
resected or drilled up to the level meningo-orbital 
band. After achieving optimal extradural hemo-
stasis, dura mater is opened preferably in a curvi-
lineal fashion with base reflected on lateral 
sphenoid wing and it is tacked back flushed with 
the inner table [36, 39].

At this stage, the neurosurgeon evaluates the 
brain relaxation by slightly lifting the frontal lobe 

Fig. 9.3 The four important steps of patient positioning. 
(1) Elevation of head. (2) Rotation of 80–100° to the con-
tralateral side until the zygomatic arch is in a horizontal 

position. (3) Head is lateroflexed to the contralateral side 
to support the gravity-related self-retraction of the tempo-
ral lobe. (4) The last step is to retroflex the head 15–20°
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and basal cistern is opened to allow egress of 
CSF to achieve further brain relaxation. In some 
situations, even after opening the cisterns, and 
application of adjunctive anesthetic measures, it 
may not be possible to achieve adequate brain 
relaxation. At this point, some neurosurgeons 
place a ventriculostomy catheter to drain CSF out 
directly accessing the ventricle in controlled 
manner. Once the adequate brain relaxation is 
attained, the operating microscope is brought in 
to start microsurgical dissection to proceed for 
aneurysmal exposure [36, 40].

9.4.2.2  Sub-Temporal Approach
The sub-temporal approach is frequently used to 
gain access to the interpeduncular fossa or lateral 
brainstem. This approach provides a surgical cor-
ridor to reach at or below the level of the poste-
rior clinoid and can help surgeons for the 
Hunterian ligation of the basilar artery including 
clipping aneurysms of superior cerebellar, poste-
rior cerebellar artery, and low-lying basilar bifur-
cation aneurysms. The key benefit of this 
approach is better visual recognition of the 

thaIamoperforators, when approaching aneu-
rysms of the basilar quadrification. For aneu-
rysms originating from the P2 segment of the 
PCA, there is an advantage to have both proximal 
and distal control [29, 41].

To avoid surgical retraction injury to temporal 
lobe, right side is generally preferred. In preoper-
ative planning, the location of vein of Labbe with 
its junction to transverse sinus is identified to 
avoid venous insults. This information also helps 
to know the limit of safe temporal lobe retraction. 
The patient should be in the decubitus position 
with head stabilized in the Mayfield head clamp. 
Standard temporal craniotomy is fashioned with 
“horseshoe” shaped incision. The nuanced point 
here is to gain access to skull base along the pos-
terior temporal fossa floor by drilling down and 
flattening the squamous temporal bone. The mas-
toid air cells should be obliterated and then dura is 
opened, followed by gentle retraction of the tem-
poral lobe to get visualization of medical edge of 
tentorium. Gradual and progressive elevation of 
uncus leads to the interpeduncular cistern covered 
by the membrane of Lilliquist. The identification 
of the third cranial nerve acts an important ana-
tomical lead. Generally, the superior cerebellar 
artery might be tracked beneath the oculomotor 
nerve and dissection continued to the basilar 
trunk. The principles for achieving adequate func-
tional brain relaxation are similar to those out-
lined in the pterional approach.

9.4.2.3  Far Lateral Retrosigmoid 
Approach

Far lateral retrosigmoid approach is adopted 
while accessing surgical exposure to posterior 
circulation aneurysm including the aneurysms of 
posterior inferior cerebellar artery, vertebrobasi-
lar junction, anterior inferior cerebellar artery 
[39, 42]. The head is fixed in three-pin head 
clamp and patient is placed in lateral decubitus 
with neck flexed and head inclined to ease access 
to retrosigmoid territory. It is pertinent that ipsi-
lateral shoulder may limit maneuverability of 
surgeon depending upon his/her handedness. 
This is usually compensated with tilt of operating 
table while accessing depth of surgical corridor 
and application of aneurysm clips.

Fig. 9.4 Positioning of patient in 3-pin head clamp with 
incision marking with burr holes and extent of craniotomy 
in a standard pterional craniotomy, the most common 
approach for aneurysms of anterior circulation
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A hockey-stick incision is placed starting at 
the level of the mastoid, goes upward toward the 
superior nuchal line, curving gently toward the 
inion in the midline and carried inferiorly to the 
finish at the level second cervical spinous pro-
cess. The muscle tissue that happen to be there is 
detached in the midline raphae that is an avascu-
lar plane from the spinous process to the occipital 
and the mastoid area. Dissection is carried out till 
the identification of the posterior arch of the atlas. 
At this point, occipital triangle is identified that is 
bounded by rectus capitis posterior major, supe-
rior oblique muscle, and the inferior oblique 
muscles. Occipital triangle contains vertebral 
artery, a chief vascular structure is in this 
approach. The suboccipital triangular is opened 
up by simply removing the attachment of rectus 
capitis medially and on the superior oblique lat-
erally. The vertebral artery is encircled with a 
venous plexus that may lead to bleeding during 
the procedure. The condylar emissary vein lead 
to identification of occipital condyle, another 
important key landmark in this approach. The 
suboccipital craniotomy is performed including 
the posterior rim of foramen magnum and later-
ally reaching up to the sigmoid sinus. After per-
forming the C-1 hemilaminectomy, the last step 
in bone removal is drilling of the postero-medial 
third part of the occipital condyle. Identification 
and protection of vertebral artery is crucial dur-
ing all this bony work to avoid any catastrophe. 
Rarely skeletonization to mobilize of vertebral 
artery from its contact with C1-lamina is required 
depending on its anatomical variation [42].

9.5  Proximal Vascular Control 
and Temporary Clipping

Proximal vascular control is considered the stan-
dard technique for microsurgical clipping of 
cerebral aneurysm [43, 44]. The key understand-
ing is to get exposure of predominant parent or 
feeding artery that is providing the major hemo-
dynamic flow to the aneurysm in advance. This 
all-time intermittent and temporary vascular con-
trol helps meticulous dissection in very close 
proximity of aneurysm and prompt control of the 

catastrophic bleeding in case of inadvertent pre-
mature rupture of aneurysm. This becomes par-
ticularly relevant tenet in case of giant or large 
aneurysm clipping. Temporary proximal occlu-
sion softens the dome of aneurysmal sack in 
advance and aids preparation for permanent clip-
ping [45]. The duration of temporary clipping is 
variable depending on size of the vessel involved. 
For smaller caliber vessels (like M1), it is recom-
mended for as small duration as 2.5  min and 
larger vessels like ICA can be occluded as long as 
20 min. The usual practice is to use intermittent 
occlusion ranging from 2.5 to 5 min depending 
upon pertinent surgical situation [46, 47].

To have adequate choice of proximal control, 
preoperative analysis of cerebral angiography is 
necessary to understand the predominance of 
vascular feeder to aneurysm and its hemody-
namic relationship. Sometimes, the preference to 
the side of surgical approach may also depend on 
vascular dominance of feeder to the aneurysm. 
For example, assessing the vascular predomi-
nance of A-1 is important in case of anterior com-
municating artery aneurysm because in case of 
accidental aneurysmal rupture or at the time of 
dissecting the neck or dome of aneurysm, appli-
cation of temporary clips at predominantly feed-
ing A-1 can immediately help control the major 
vascular bleeding and can provide the necessary 
time for surgeon to take necessary steps effi-
ciently. In certain aneurysm location (like oph-
thalmic segment), it is not possible to expose ICA 
proximal to aneurysm origin. In such situations, 
Internal carotid artery is exposed (before crani-
otomy) in the neck and vascular band is left in 
situ in case of emergent need to occlude ICA as 
mandated during the operative procedure. 
Proximal control strategies will further be dis-
cussed and elaborated in intraoperative aneurys-
mal rupture section below.

Cerebral protection strategies are frequently 
used during temporary clipping period. A bolus 
of thiopentone is usually given by the neuro- 
anesthetist in consultation with operating neuro-
surgeon to decrease the cerebral metabolism. 
Cerebral protection helps the brain tissue survive 
in decreased perfusion states by allowing reduced 
metabolic rate. It is also sometimes combined 
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with concurrent monitoring with EEG if a long 
temporary clipping is required, especially in a 
complex aneurysm surgery. Other neuroprotec-
tion techniques that help achieve lower rate of 
cerebral metabolism during the period of tempo-
rary clipping are hypothermia and now less favor-
able option of induced hypotension that may 
result in cerebral ischemia [47, 48].

9.6  Retractorless Tachnique

Self-retaining retractors have been routinely used 
in contemporary neurosurgical practice when-
ever neurosurgeons confront a deep intracranial 
lesion under the microscope especially in the 
approaches for skull base and cerebrovascular 
pathologies. Their use allows surgeons to gain 
access deep into the surgical bed, unhindered by 
tissues hanging over in the visual line of long and 
deep surgical corridor. This also avoided the need 
for holding over-hanging tissue away from surgi-
cal field with handheld retractors with an invari-
ably sustained pressure by surgical assistants. 
The effective use of retractors has also played a 
significant role in microsurgical training as well 
[29, 43, 49]. Although, self-retaining retractors 
have been in use for many years, their use has 
been documented in association with complica-
tions including retractor-induced ischemic injury, 
brain swelling and inadvertent brain injury dur-
ing manipulation and adjustment [49]. More 
fixed retractor systems require time and repeated 
readjustments as required during the course of 
surgical exposure and to align with angle of oper-
ating microscope field of vision [29, 50].

There are extensive studies that have shown 
the potential harmful effects based on cellular 
and molecular mechanisms associated with the 
use of sustained pressure on brain tissues by 
retractors both from animal and human studies 
[50, 51]. This is demonstrated by techniques such 
as autoradiography, mechanical transduction, 
somatosensory evoked potentials mapping, laser 
Doppler cerebral flow, tissue microdialysis, and 
intraoperative functional mapping that have used 
to trace the processes of metabolism, oxidation, 
and electrical events that preempt the reversible 

and irreversible injury to the underlying brain tis-
sue induced by retraction. These experimental 
conditions have also been evaluated during the 
situations of induced hypotension to further 
understand the pathogenesis that are encountered 
during natural operating conditions [50, 52]. This 
data has forced surgeons to adopt techniques of 
intermittent retractor release on brain tissue in a 
cycle of 5–7  min and biomedical industry got 
indulge in inventing retractor systems such as 
sponge-based retractor systems, microballoon 
paddies, and rolled expanded polytetrafluoroeth-
ylene sheets with no significant adoption in con-
temporary neurosurgical practice [32, 53].

With established practice of endovascular 
treatment with reduced complications, there is a 
progressive refinement in microsurgical tech-
niques complemented with experience and skill 
of cerebrovascular surgeons. Robert F Spetzler 
[54], a renowned retired skull base and cerebro-
vascular neurosurgeon at Barrow Neurological 
Institute, Phoenix-Arizona coined the term of 
“retractorless surgery” in a landmark publication. 
Although a gentle traction on cerebral tissue can 
be safe and effective but he proposed intermittent 
brain retraction instead of sustained fixed retrac-
tion. He introduced the use of this technique in all 
his cases undergoing for skull base or cerebrovas-
cular lesions and demonstrated meticulous dis-
section of arachnoidal planes, careful placement 
of the handheld suction device and the operating 
instruments, patient positioning that enhances 
gravity-based retraction, and appropriate selec-
tion of the operative corridor all served to obviate 
the need for fixed retraction [54, 55]. Later stud-
ies published to clearly demonstrate the 
 usefulness of retractorless surgical techniques 
exclusively used in aneurysm surgery and it has 
reduced the morbidity and mortality associated 
with microsurgical clipping [54–56].

9.7  Microsurgical Dissection 
and Clip Application

Microsurgical dissection of the aneurysm neces-
sitates meticulous surgical skill and incorporates 
not only the aneurysm but also the exposure and 
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identification of all surrounding vessels. The key 
tenet is sharp microsurgical dissection of the tis-
sue around the aneurysm neck during which the 
aneurysm is freed from surrounding tissues or 
structures and is prepared for application of clip-
ping. Microsurgical scissor is used with skillful 
maneuvers as its blades can be used for blunt tis-
sues to make these free and at the same time cut-
ting sharply using manual dexterity. In addition, 
arachnoid knife in different shapes along with 
sharp hooks are used as adjunct for sharp dissec-
tion throughout the surgical exposure in sub-
arachnoid spatial exposure. Suction tip is also 
used to hold arachnoid or tissue bands clearly off 
the vital structures while cutting with sharp 
objects. Pial planes and normal anatomy is pre-
served by careful dissection under high magnifi-
cation. Microsurgical, circumferential dissection 
of the aneurysm should be the goal of subarach-
noid dissection [32]. This must be preceded by 
obtaining proximal arterial control. Here comes 
the utilization of proximal temporary control as it 
facilitates the precision of sharp dissection of 
adherent arachnoid and fibrous tissues. Any kind 
of blunt dissection or pulling or having traction 
can inadvertently lead bleeding in surgical field 
or may in certain case result in premature aneu-
rysm rupture [32, 43]. Another specialized 
maneuver that can be of help especially when 
operating giant aneurysm is so called “Dallas 
technique” or a suction decompression. In this 
technique, cervical segment of ICA is exposed in 
advance in anticipation before starting the intra-
cranial dissection. It is also possible to use endo-
vascular alternative of this maneuver if surgery is 
being performed in the hybrid operating room 
with facility of intraoperative cerebral angiogra-
phy. Applying suction decompression can facili-
tate the tissue dissection as well reconstruction of 
the vessel wall for wide neck aneurysm with suc-
cessive placement of aneurysm clips [57, 58].

The principle of applying an aneurysm clip 
involve forming a natural vascular construct that 
the blades of clips should be abutting along the 
axis of wall of parent artery without causing any 
stenosis or entrapping any adjoining branching or 
feeders arising in close proximity to the aneu-
rysm neck. While choosing the approach size 

clip, a general principle is that the length of aneu-
rysm blades should be 1.5 times the size of the 
neck of aneurysm. Surgeon’s intuition and expe-
rience is key at this stage in selecting the appro-
priate angle and number of clips. While applying 
the aneurysm clip, surgeon remain vigilant and 
visualize meticulously the tip of the blades of 
aneurysm clips all along on both sides, making 
sure that blades completely encompasses the 
entire length of aneurysm neck and at the same 
time no perforating vessels or any branch is 
entrapped or kinked due to clips in place 
(Fig. 9.5). The clip application is considered the 
most anxious moment of aneurysm surgery and it 
is possible that a rapid and uncontrolled closure 
may lead to inaccurate application [22, 32, 43].

Post-clip application, the dome of the aneu-
rysm is carefully examined if there is still any 
pulsation visible. If aneurysm is still filling 
despite application of clip, a second tandem clip 
is placed parallel to first clip. Persistent filling 
following initial clip application can be the result 
of residual distal neck, increased aneurysm thick-
ness, intrasaccular thrombus or atheroma/calcifi-
cation of the proximal neck. In such situations, 
surgeon uses different techniques including tem-
porary proximal occlusion, suction decompres-
sion or induced transient cardiac arrest using 
adenosine (discussed later) to achieve an optimal 
placement of clips for complete obliteration. In 
rare situations, if the neck of aneurysm is still 
challenging the optimal closure of blades of clip, 
then surgeon may shape the neck of aneurysm 
with bipolar diathermy use at a low power to 
cause some shrinking of aneurysm wall. The 
maneuver involves surgeon experience and level 
of confidence and his/her surgical manual 
dexterity.

These techniques are applicable to all aneu-
rysms irrespective of their locations. However, 
aneurysm location, dimensions, and configura-
tion, anatomical arrangements of aneurysm- 
parent artery complex, angle of surgical exposure, 
condition of brain tissue and experience of sur-
geon all dictate further nuances of operating 
techniques and steps. Simulations are being used 
now by surgeons and trainees to virtually rehearse 
the technique and surgical approach before actu-
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ally performing the procedure [59]. This helps 
understand the anatomical detail, create an imag-
inative plan of dissection and microsurgical ori-
entation under the microscope with handling of 
microsurgical instruments and virtual application 
of clips with their appropriate selection and 
anticipating the associated complications. It is 
also useful to mentally rehearse the steps of sur-
gery progressively [59–61].

In contemporary neurosurgical practice, aneu-
rysm clipping is considered at the acme of opera-
tive skill pyramid. Below we discuss some of the 
nuanced steps in few important aneurysm loca-
tions that are encountered most commonly in 
clinical practice [22, 29, 43, 62, 63].

9.7.1  Aneurysm of Anterior 
Communicating Artery

Anterior communicating artery (ACom) aneu-
rysms are the most common among all the aneu-
rysms of anterior circulation and these pose 
significant complexity in understanding the ana-
tomical challenges during the surgical exposure. 
Unless there is vascular codominance of A1 from 

both sides, most neurosurgeons approach from 
the dominant A1 side taking advantage of proxi-
mal vascular control for meticulous dissection 
around and close to aneurysm. The usual sequen-
tial approach for surgical exposure in ACom 
aneurysm complex is from A1 (ipsilateral), A1 
(contralateral), artery of Heubner, A2 ipsilateral, 
and A2 contralateral. Complete vivid orientation 
and identification of all these anatomical struc-
tures is key to successful aneurysm clipping 
(Fig.  9.6). In some situation, ipsilateral rectus 
gyrus has to be resected medial to optic tract to 
gain access without traction. It is utmost 
 important to respect and preserve all the perfora-
tors to avoid any postoperative sequelae. 
Familiarity and anatomical orientation under the 
microscope ensure understanding the key struc-
tures in ACom aneurysm complex including any 
anatomical variations.

Choice of aneurysm clip depends upon the 
orientation of aneurysmal dome, site of origin, 
relationship to ipsilateral A2. In most cases, a 
bayonet shaped clip is used but other shapes may 
be preferred accordingly. Once all the key com-
ponents of ACom complex are visualized, then 
aneurysm clip is carefully applied with both 

Clipping Techniques

Simple Clippling

Multiple Clippling
Intersecting clips

Tandem Angled Fenestrated Clipping

Tandem
Clipping

Multiple
Clipping,
Stacked Clips

Multiple Clipping,
Overlapping Clips

Counter-Clipping,
(Cross-wise)

Counter-Clipping
(Facing)

Fig. 9.5 Different clipping techniques with tandem and neck construction
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blades in constant vision to avoid compromising 
any vessel or perforator and at the same time 
achieving a perfect placement at the neck. After 
Initial placement, a thorough survey is conducted 
to confirm that all the vessels are patent, and clip 
is optimally obliterating the neck with no steno-
sis of parent artery.

9.7.2  Middle Cerebral Artery 
Aneurysm

Middle cerebral artery (MCA) aneurysm is the 
second most common aneurysm site and their 
relatively superficial location favors their treat-
ment by microsurgical clipping. The key step in 
the surgical exposure for MCA aneurysm is 
splitting of the Sylvian fissure. Depending on 
the preference of the neurosurgeon, Sylvian fis-
sure splitting can be started from medial to lat-
eral (from the sphenoid wing end) or from 
lateral to medial (from superficial cortical loca-
tion). In general, as a standard clinical practice, 
it is started from medial to lateral and at least 

1/3 of the fissure is opened to gain adequate 
exposure. Presence of Sylvian (subarachnoid) 
hemorrhage technically facilitates the splitting 
as approximated arachnoid layers are set already 
split apart by blood clot. Relatively superficial 
insular or cortical M3/4 branches are identified 
and helps guide exposure and identification M1 
and M2 in the depth of fissure. Sequential pro-
gression of surgical exposure of MCA bifurca-
tion complex includes M1, identification of bi/
trifurcation  origin, M2/3 branches distally and 
all the adherent lenticulostriate perforators.

Before preparing for clip application, a 
detailed visualization and orientation is ensured 
of the branches in MCA bifurcation complex fol-
lowed by analyzing the orientation of aneurysm 
with its relationship to the parent artery. The most 
crucial and difficult step is to identify the M2 
branches as one of them may be lying under the 
dome of aneurysm and any uncontrolled dissec-
tion or manipulation may result in intraoperative 
rupture of aneurysm. Judicious use of proximal 
temporary clipping at M1 can be helpful to 
decompress the aneurysm sac while identifying 

a b

cc d

Fig. 9.6 Progressive exposure of Anterior 
Communicating artery from the left side (a and b) with 
proximal temporary clip applied on left A1 (c) and final 

clip applied (d) with Doppler ultrasound (yellow tip in d) 
for confirmation vascular patency
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the M2 branches. Once adequate exposure is 
achieved, the choice of aneurysm clip is made 
depending on the orientation of aneurysm sac 
and its relationship to the parent artery of origin. 
In general, an angled clip is required, and it is 
applied along the axis of the M2 branch from 
where the aneurysm neck is arising (Fig. 9.7). In 
certain situation, the aneurysm neck is wide and 
parent artery wall has to be reconstructed by 
application of tandem clips until an optimal oblit-
eration is achieved. Finally, the patency of all the 
branches in vascular complex along with ade-
quate aneurysm obliteration is confirmed with 
intraoperative Doppler ultrasound or ICG 
accordingly.

9.7.3  Posterior Communication 
and Anterior Choroidal Artery 
Aneurysm

The posterior communicating (PCom) artery is also 
one of the most common sites for aneurysm forma-
tion and it is within only a few millimeters in prox-
imity of the Anterior Choroidal (Ach) artery 
aneurysm, thereby surgical exposure for both 
involves common operative steps. Surgical expo-
sure of these aneurysms is considered less techni-
cally challenging and proximal vascular control is 
achieved early while exposing internal carotid 
artery (ICA). Some of the key nuances related to 
aneurysm projection/orientations are technically of 

a

c

b

Fig. 9.7 Intraoperative images showing the key steps for 
aneurysm clipping. (a) Small aneurysm on the right 
carotid bifurcation; (b) positioning of a temporary clip on 
the right internal carotid artery, A1 segment of the right 
anterior cerebral artery, and M1 segment of the right mid-
dle cerebral artery; (c) aneurysm closure by miniclip 

application. Source: Under the free license of Creative 
Commons Attribution 4.0 International https://creative-
commons.org/licenses/by/4.0/ available from https://
www.researchgate.net/figure/Intraoperative- images- 
showing- the- key- steps- for- aneurysm- clipping- a- Small- 
aneurysm- on_fig 2_287212443
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important concern; first, its close proximity to 3rd 
(oculomotor) cranial nerve and second, its potential 
adherent location to temporal lobe (in medial pro-
jection). The sequential surgical exposure (Fig. 9.8) 
includes identification of proximal ICA segment, 
distal ICA segment, oculomotor nerve, the adjacent 
artery (PCom or Ach), and all the proximal perfora-
tors arising in this anatomical complex. Another 
important key tenet to confirm at this point is “fetal” 
pattern of origin of the PCom artery, although this 
may have been already identified on preoperative 
imaging evaluation to mitigate its inadvertent com-
promise affecting a larger vascular territory as com-
pared to non-fetal pattern of origin.

For clip application, it is convention to access 
the vascular complex from lateral to medial as it 
provides surgeon a good view of the origin of 
PCom or Ach artery and at the same time the rela-
tionship and extent of neck of aneurysm with par-
ent artery. In case the aneurysm involves a large 
origin from ICA with wide neck, tandem clips 
are applied in succession to reconstruct the ICA 
wall and to ensure adequate aneurysmal oblitera-
tion. Final step involves intraoperative Doppler 
or ICG monitoring to confirm the obliteration of 
aneurysmal neck and patency of all the identified 
vessels in aneurysmal complex.

9.7.4  Aneurysms of the Pericallosal 
Artery

Aneurysms of the distal anterior cerebral artery in 
close proximity of origin of pericallosal or callo-

somarginal artery are typically smaller in size and 
are less frequently seen in neurosurgical practice. 
These aneurysms are exposed by interhemispheric 
approach and surgical corridor is narrow in this 
location. One of the important nuances is to local-
ize the small sized aneurysm, as the absence defi-
nite anatomical landmarks makes it difficult to 
approximate whether exposure is proximal or dis-
tal to site of aneurysm. Neuronavigation is a use-
ful adjunct in these cases to overcome this 
difficulty and routinely used in some centers as 
part of preoperative planning. Sequential progres-
sion in surgical exposure involves identification 
of ipsilateral parent artery of origin (both proxi-
mal and distal to aneurysm) and closely associ-
ated contralateral vessels. In this location, due to 
hemodynamic situation, the aneurysm is directed 
away from the approach of angle of surgical field. 
As these aneurysms are usually small in size, a 
short-blade bayonet shaped aneurysm clip is suit-
able in most cases. The aneurysms obliteration or 
vascular patency if the complex is essentially con-
firmed with available adjuncts in addition to thor-
ough visual inspection under high magnification 
of microscope.

9.7.5  Aneurysms of Basilar 
Quadrification

Aneurysms in this location are mainly originat-
ing from the posterior circulation that are prefer-
ably be subjected to endovascular treatment as 
per current guidelines [64]. However, there is still 

a b c

Fig. 9.8 Intraoperative image showing the optic nerve 
(blue arrow), proximal internal carotid artery (red arrow), 
and the fetal posterior communicating artery (PCOM, white 
arrow) indenting and displacing the cranial nerve (CN) III 
(yellow arrows) laterally (a and b). The clipped aneurysm 
and Teflon felt between the PCOM and CN III are shown 

(c). Source: Under the free license of Creative Commons 
Attribution 4.0 International https://creativecommons.org/
licenses/by/4.0/ Available from https://www.cureus.com/
articles/16585- acute- oculomotor- nerve- palsy- caused- by- 
compression- from- an- aberrant- posterior- communicating- 
artery

A. Ali and M. M. Khan

https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://urldefense.proofpoint.com/v2/url?u=https-3A__creativecommons.org_licenses_by_4.0_&d=DwMFaQ&c=vh6FgFnduejNhPPD0fl_yRaSfZy8CWbWnIf4XJhSqx8&r=JPMp3bOvQ-yAky2nL1pdlFK2lcWl6hNAsz3tBDz8Ur4&m=yJHI_qTQjMntSqeoy0mzDY8Rehek1RINX9YCJCrsFb0&s=kHjhrcpE2uo7ihIZhTNdU5MiKVJ2_cRq-HfM6afY22c&e=
https://www.cureus.com/articles/16585-acute-oculomotor-nerve-palsy-caused-by-compression-from-an-aberrant-posterior-communicating-artery
https://www.cureus.com/articles/16585-acute-oculomotor-nerve-palsy-caused-by-compression-from-an-aberrant-posterior-communicating-artery
https://www.cureus.com/articles/16585-acute-oculomotor-nerve-palsy-caused-by-compression-from-an-aberrant-posterior-communicating-artery
https://www.cureus.com/articles/16585-acute-oculomotor-nerve-palsy-caused-by-compression-from-an-aberrant-posterior-communicating-artery


129

need to have microsurgical clipping for these 
aneurysms when there is no feasibility to treat by 
endovascular procedures. In this challenging ana-
tomical location, vascular complex includes four 
distal branches from basilar artery; two posterior 
cerebral arteries (PCA) and two superior cerebel-
lar arteries (SCA) forming a basilar quadrifica-
tion. The sequential progression of surgical 
exposure includes identification of proximal bas-
ilar artery, bilateral SCAs and PCA, oculomotor 
nerves (bilateral), and thalamo-perforator ves-
sels. The key anatomical landmark is oculomotor 
nerve that is usually used by the surgeon to make 
progressive dissection towards the basilar tip. It 
is extremely important to understand all the ana-
tomical details and variations with preoperative 
imaging analysis. Another crucial consideration 
is to carefully dissect and identify the important 
thalamoperforators. Both excessive manipulation 
of third cranial nerve or damaging/sacrificing any 
thalamoperforators may lead to devastating post-
operative sequalae.

Once the aneurysm sac is optimally exposed 
(Fig. 9.9), the choice of aneurysm clip shape and 
number is approximated by using microdissec-

tion instruments. Usually, a straight or bayonet 
shaped clip is placed or alternatively fenestrated 
clips may be required to include P1. In patients 
who have a “fetal” PCom, the ipsilateral P1 can 
sometimes be sacrificed as a result of compensa-
tion from the anterior circulation. Tandem clip 
application may be necessary in most cases in 
basilar quadrification except when aneurysm 
neck is narrow where a single straight clip may 
be sufficient.

9.8  Confirmation of Aneurysm 
Obliteration

After clip application, it is extremely important 
to confirm the complete obliteration of the aneu-
rysm neck without compromising the parent 
artery along with other normal vasculature in 
close proximity that may be in danger either due 
to being directly entangled in the blades of aneu-
rysm clips or being affected indirectly due to 
kinking or compression from the clip construct. 
This confirmation can be accomplished by the 
following intraoperative techniques:

Fig. 9.9 Complex giant aneurysm of basilar artery (BA) 
tip with anterior dome projection, incorporating origins of 
posterior cerebral arteries (P1). Progressive stepwise 

exposure is with temporary clip at basilar artery done and 
obliteration by applying large straight clip
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9.8.1  Intraoperative Doppler 
Ultrasound

Traditionally, a microvascular ultrasound Doppler 
probe is used to confirm the patency of surrounding 
vasculature in addition to visual confirmation under 
magnified view of microscope [65, 66]. A micro-
vascular Doppler sonographic probe with a 
20-MHz probe (1-mm diameter) is used before and 
after clip application [67]. The clip adjustment or 
augmentation can be done by surgeon if required. 
Intraoperative Doppler technique is a safe, instan-
taneous, effective, reliable, and cost-effective 
method for documenting the patency of parent ves-
sels, arterial branches, and major perforators and 
the complete occlusion of cerebral aneurysms [68].

9.8.2  Indocyanine Green Video 
Angiography (ICG-VA)

In the late 1960s, Feindel [69] was the first to 
document the use of intraoperative assessment 
with fluorescent dye. Indocyanine Green (ICG) is 
a near-infrared dye that has absorption and emis-
sion peaks (805 and 835 nm, respectively) within 
the optical window of tissue [70]. ICG was rou-
tinely being used in ophthalmic procedures but it 
was only approved in 2002 by FDA for intraop-
erative cerebral angiography [71]. Afterwards, 
this technique has become very useful, safe, and 
essential adjunct in cerebrovascular surgery pro-

cedures including in aneurysm clipping proce-
dures. A 0.2–0.5  mg/kg bolus of ICG dye is 
injected intravenously and this dye can be visual-
ized using fluorescent operating microscope after 
the clip application (Fig. 9.10) [72]. If occlusion 
of the parent artery or its branches or residual 
aneurysm or neck remnant is visualized, reposi-
tioning of clip is done or additional clips may be 
applied in tandem as indicated [72–74].

9.8.3  Cerebral Angiography

Formal digital subtraction cerebral angiography 
(DSA) is the gold standard to delineate the details 
of morph-dimension of aneurysm as well as its 
branching complex both preoperatively and post-
operatively [9, 32]. In complex cases, if the facil-
ity of hybrid operating suite equipped with 
intraoperative angiography is available, then it 
provides an important and unmatched tool to 
evaluate the effectiveness of aneurysm oblitera-
tion as well as preservation of the branches and 
perforators in close proximity. This also gives a 
superior advantage of exact matching compari-
son with preoperative cerebral angiography 
images and assessment of real-time dynamic 
flow [74]. Conventionally, if intraoperative cere-
bral angiography is not available, most neurosur-
geons prefer to do postoperative DSA as standard 
of their practice. It also provides a baseline imag-
ing for follow-up and dictate the planning of 

a b c

Fig. 9.10 (a): Intraoperative Illustration of the Middle 
Cerebral Artery Aneurysm (Arrows). (b) Video angiogra-
phy showing the perfusion of the untreated aneurysm 
(arrows). (c) After clipping no perfusion of the aneurysm 
is detectable anymore (arrows). Source: Under the free 

license of Creative Commons Attribution 4.0 International 
https://creativecommons.org/licenses/by/4.0/ available 
from https://www.researchgate.net/figure/Microscope- 
based- indocyanine- green- video- angiography- supporting- 
the- microsurgical_fig 1_314227020
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management in case of recurrences or progres-
sion of any neck remnants in future [75, 76].

9.9  Intraoperative Aneurysm 
Rupture

Premature rupture of aneurysm during the surgi-
cal exposure is one of the most dramatic and dev-
astating complications for the operating 
neurosurgeon. The reported incidence of intraop-
erative rupture varies in the literature, from 7% to 
19% [77, 78]. Premature aneurysm rupture 
should be anticipated at any time starting from 
the anesthesia induction and at any surgical step 
afterwards until the definitive clipping of the 
aneurysm is accomplished. One of the general 
principles of aneurysm exposure adopted to avoid 
encountering previously ruptured site is not to 
expose the dome of the aneurysm first. Similarly, 
sharp dissection is preferred in surgical exposure 
especially in close proximity of aneurysm sac 
and neck. In certain situations, the aneurysm 
dome is tamponade by or adherent to cerebral tis-
sue, thus any uncontrolled and inadvertent trac-
tion or manipulation of the lobe can lead to 
aneurysm rupture with the release of tamponade. 
If the aneurysm is associated with surrounding 
intracerebral or perisylvian clot, a safe and pre-
cise exposure with gradual manipulation and suc-
tioning of the clot may facilitate the aneurysm 
exposure; excessive evacuation of the clot can 
result in intraoperative rupture of the aneurysm 
and on the other hand, inadequate clot decom-
pression may necessitate excessive retraction, 
which also carries its risks, as mentioned above 
[77, 78].

A crucial timing of rupture is usually at the 
time of dissection around the neck while prepar-
ing the surgical field for clip application. At this 
stage, proximal vascular occlusion by intermit-
tently applying a temporary aneurysm clip is very 
helpful as it slackens the aneurysm dome and 
facilitates the circumferential dissection. 
Application of temporary clip is an important 
strategy to achieve control of bleeding if there is 
a sudden rupture of aneurysm [32, 79]. In certain 
anatomical situations, when there is no proximal 
vascular control available or clip application is 

not adequately achieved in broad neck aneu-
rysms, a temporary flow arrest can be induced by 
administering intravenous adenosine. Adenosine 
is injected in dosage of 0.3–0.4  mg/kg body 
weight and a median duration of flow arrest 
achieved is about 60  second (range 30–90  s). 
Adenosine has inter-patient variability in efficacy 
for achieving effective hypotension and dose 
adjustment or repetition is considered by anes-
thetist if deemed necessary [80–84]. A number of 
other maneuvres may also be used to control 
intraoperative rupture, including suction decom-
pression (Dallas technique) of the aneurysm, 
coagulation of the aneurysmal rent, clip applica-
tion to the distal sac and severe induced hypoten-
sion complemented with barbiturate induced 
neuroprotection [22, 32, 57]. All these techniques 
are very handy and useful to mitigate the emer-
gent intraoperative aneurysm rupture but no one 
technique can be helpful in all situations, there-
fore familiarity with all these operative arma-
mentariums can be of significant benefit in time 
of real surgical challenges. Intraoperative rupture 
has been reported with higher rate of mortality or 
morbidity (31%) but interestingly there is no 
increase in the risk of vasospasm despite addi-
tional hemorrhagic incidents [78, 85].

9.10  Postoperative Complications

Postoperative complications after clipping of 
ruptured intracranial aneurysms can be catego-
rized into generalized and anatomy-specific for 
individual aneurysm location [22, 88]. 
Generalized complications are due to the pres-
ence of blood in the subarachnoid spaces that is 
neurotoxic and produces complications like sei-
zures, vasospasm, electrolyte imbalance (usually 
cerebral salt wasting syndrome), and hydroceph-
alus. The anatomy-specific complications include 
injury frontalis branch of facial nerve, frontal air 
sinus injury, and injury to optic nerve. Other pos-
sible complications include deep venous throm-
bosis, pulmonary embolism, strokes, infections, 
postoperative pain and risk of death. Late sequa-
lae of subarachnoid hemorrhages, that may have 
been exacerbated by operative manipulation, are 
neuropsychological impairments reported as 
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memory dysfunction, emotional instability, and 
performance impairment [86, 87]. Some of the 
important complications pertinent to surgical 
management of intracranial aneurysms are briefly 
discussed below.

9.10.1  Vasospasm

Vasospasm is one of the most common complica-
tions following subarachnoid hemorrhage with 
overall incidence of symptomatic vasospasm and 
angiographic vasospasm being 27% and 63%, 
respectively. Out of these, 13.6% developed 
delayed ischemic neurological deficits (DIND) as 
evident on CT scans [88, 89]. Symptomatic vaso-
spasm is less severe in patients with better clini-
cal grades at presentation of subarachnoid 
hemorrhage (WFNS Grade I-III). Similarly, the 
extent of subarachnoid and intraventricular hem-
orrhage burden has been shown to result in more 
severe vasospasm and delayed cerebral ischemia 
(DCI). In some centers, transcranial Doppler is 
applied as a screening tool for vasospasm in the 
postoperative period and can detect about 51% of 
cases that has proven angiographic vasospasm 
[89]. In regard to comparing incidence of symp-
tomatic vasospasm in endovascular versus micro-
surgical clipping, there is higher vasospasm 
reported in patients who have undergone clipping 
(25%) than those who have had a coiling (15%) 
procedure [90, 91]. Hyponatremia and high 
hematocrit are associated with higher occur-
rences of vasospasm. In most centers, oral admin-
istration of Nimodipine is used for prevention of 
vasospasm. There is evidence to suggest that it 
reduces the risk of DCI and poor clinical out-
comes following aneurysmal SAH despite sig-
nificant reduction in the incidence of angiographic 
vasospasm [92]. Patients need to be well hydrated 
with normal sodium level (135–145 meq/L) and 
hematocrit level of 35–50%. In cases of severe 
vasospasm with neurological deficits, patient 
may be subjected to hypertensive therapy and 
endovascular intraarterial spasmolytic adminis-
tration of vasodilators, such as calcium channel 
blockers [64, 91, 93].

9.10.2  Hydrocephalus

Hydrocephalus in subarachnoid hemorrhage is 
quite variable and reported in about 50% of cases. 
It can be obstructive, communicating or a combi-
nation of both. In certain cases, patients present 
with acute hydrocephalus and undergo urgent ven-
triculostomy (external ventricular drain) [94]. 
About one-third of all patients who develops 
hydrocephalus, end up requiring permanent shunt-
ing (most commonly ventriculoperitoneal shunt) 
[95]. Some neurosurgeons have adopted fenestra-
tion of lamina terminalis as an adjunct, during a 
pterional approach, to treat the hydrocephalus, but 
its routine use has not been  recommended [96]. 
There is no convincing evidence to suggest signifi-
cant differences in risks of hydrocephalus between 
patients undergoing microsurgical clipping in 
comparison to those treated by endovascular coil-
ing. Similarly, the duration of temporary CSF 
drainage for acute hydrocephalus has not been 
shown to increase the need for permanent CSF 
shunting procedure [64, 97].

9.10.3  Seizures

In the landmark International Subarachnoid 
Hemorrhage Trial (ISAT) [97], the incidence of 
seizures in the neurosurgical arm was 3.1% 
while in a recent review of literature, the preva-
lence of early (within 7 days) and delayed post-
operative seizures are 2.3% and 5.5%, 
respectively [98]. There are no significant differ-
ences in risks of seizure in patient who have 
been treated for unruptured versus ruptured 
intracranial aneurysms [98]. There is significant 
variability in the use of prophylactic anti-epilep-
tic drugs (AED) in the neurosurgical practice but 
in most centers, patients who are considered at 
higher risk or who have suspicion of subclinical 
seizures are given prophylactic AED for 7 days 
[64, 97, 99]. Higher risk patients are those who 
have associated intracerebral hematomas, age < 
40 years, middle cerebral artery aneurysms and 
patients with poor clinical status. The American 
Heart Association SAH guidelines state that 
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administration of prophylactic anticonvulsants 
may be considered in the immediate post-hemor-
rhagic period, although routine long-term treat-
ment is not recommended [64].

9.10.4  Postoperative Pain

In subarachnoid hemorrhage patients who have 
undergone craniotomy for microsurgical clipping, 
pain is related to both surgical procedure as well 
as from presence of brain hemorrhage itself [100–
102]. Most commonly, patients are given non-
narcotic analgesics like acetaminophen and 
complemented with narcotic analgesics as per 
need. But the use of narcotic analgesics is associ-
ated with nausea, vomiting, sedation, and respira-
tory depression. Significant controversy exists in 
the literature about postoperative pain manage-
ment in patients after craniotomy. Intravenous tra-
madol has been recommended in combination 
with narcotic pain medications [103]. In another 
comparative study for use of tramadol, codeine, 
and morphine, use of morphine was found supe-
rior to tramadol and codeine in relieving pain, as 
well as being associated with less episodes of 
nausea and vomiting [102]. Patient-controlled 
analgesia (PCA) with fentanyl is getting more 
commonly used in clinical practice as an effective 
strategy in getting pain relief and it is found to be 
safe and efficacious in randomized controlled trial 
for even complex approaches like posterior fossa 
and skull base cerebrovascular pathologies [104]. 
In clinical practice, a short- acting intravenous 
narcotic analgesic is given in immediate postop-
erative period for 24–48 h and then switched to 
oral analgesics medications [64]. The use of scalp 
block in reducing need for postoperative analge-
sics has also been claimed effective [101].

9.10.5  Mortality

The postoperative mortality rates reported after 
microsurgical clipping of ruptured aneurysm are 
quite variable, ranging from 11% to 26% [86, 
87]. The death rate after aneurysmal clipping is 

multifactorial depending upon patient factor as 
well as related to quality of postoperative man-
agement. Patient factors include pre-existing 
clinical comorbidities, age, coagulopathy, 
chronic obstructive pulmonary diseases, and 
strokes [86, 87, 97]. While quality of manage-
ment includes experience of operating surgeon, 
medical care facilities and institutional capabili-
ties to provide and handle complex clinical con-
ditions in a multidisciplinary setting [64, 87, 97]. 
In comparison to clipping, mortality associated 
with coiling for unruptured (≤ 1%) and ruptured 
aneurysm is on lower side (9%) [87, 97].

9.11  Post-Clipping Remnants, 
Growth, and Recurrences

As early as in the 1960s, Drake et  al. [105] 
emphasized the complete obliteration of aneu-
rysm to avoid late sequelae. Despite advance-
ment in microsurgical clipping adjuncts, the rate 
of aneurysm remnants after microsurgical clip-
ping has been reported homogenously, in the 
range of 1–8% with a rebleeding rate from the 
remnants up to 3.7% [105–108]. More recent 
publications have reported higher, probably 
related to higher detection rates [108, 109]. 
Independent predictors for inadequate oblitera-
tion are topographic peculiarities (location, size, 
morphology, flow dynamics) and intraoperative 
rupture of aneurysm that may have influenced the 
effectiveness of aneurysm clip placement and 
reconstructive techniques. Interestingly, other 
factors like timing of surgery, surgeon’s experi-
ence, and presence of acute subarachnoid bleed 
have no influence on incomplete obliteration. 
Other patient-specific factors (multiple intracra-
nial aneurysms (IA), previous SAH, family his-
tory, smoking, hypertension) that are known to 
influence growth of unruptured IA likewise influ-
ence growth of IA remnants. Clip remnants may 
be left “intentionally” to preserve the perforators 
or a branch arising from the neck of aneurysms 
and sometime due the atherosclerotic/calcified 
wall of aneurysm neck that may impair the ability 
to place clip perfectly [108].
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Clip remnants exhibit growth as high as 3.5–
15% and this progression is independent of the 
duration of follow-up [107, 108]. One indepen-
dent factor that correlates with the growth of 
aneurysm remnants is the age of the patient, as 
younger patients (<45 years) show significantly 
higher rate of progression of aneurysmal rem-
nants. True recurrence of aneurysm after com-
plete obliteration is extremely rare with annual 
incidence of 0.02–0.52% and mostly correlated 
with the fragility of the neck of aneurysm, noted 
at the time of clip application [106]. Management 
of the aneurysm remnants usually involves serial 
imaging follow-ups and any decision to treat 
depends on progression and feasibility to offer 
re-treatment options [109]. As reoperation with 
microsurgical clipping is usually anticipated to 
have higher postoperative complications, the 
usual course of treatment is to offer endovascular 
treatment for remnants as well as for recurrences 
following multidisciplinary consensus with 
endovascular team [110].

9.12  Future Prospects, Advances, 
and Innovations

Since the advent of clipping procedure over 
200 years ago, the technological advances both in 
the field of cerebrovascular surgery, better under-
standing of vascular angioarchitecture due to 
improved details from the neuroimaging, 
improved knowledge about the neurovascular 
disease and complementary revolution in endo-
vascular treatment strategies, aneurysm treatment 
has completely revolutionized [17, 18]. Recently, 
awake craniotomy (Conscious Surgery) has been 
touted as a game changer in microsurgical clip-
ping to reduce morbidity, as it avails real-time 
intraoperative neurological assessment of patients 
when operating close to eloquent cerebral tissues 
[111]. In addition to aneurysm repair strategies, it 
is expected that there will be revolutionary 
advancements in the non-microsurgical treatment 
arena in the coming decades and it includes at 
least two upcoming platforms. First is the use of 
progenitor cell or regenerative medicine technol-

ogies that aim on cells, growth factors or in com-
bination to assist in the repair of injured 
endothelial wall to heal the defect [112]. A sec-
ond approach is the application of next- generation 
genome and transcriptome sequencing that uti-
lizes the samples of patient aneurysms for identi-
fication of potential targets that are involved in 
the development of aneurysm [113, 114]. These 
approaches provide unprecedented insight into 
the biological pathways involved in endothelial 
cell damage, remodeling, and regeneration, and 
they can be harnessed for potential medical treat-
ments [112–115].

9.13  Conclusions

Microsurgical clipping for ruptured intracranial 
aneurysm has gone through a significant historical 
revolution over the past two centuries and it con-
tinues to evolve. The knowledge of aneurysm for-
mation, natural history, and understanding of 
perianeurysmal environment with highly detailed 
neuroimaging technologies have facilitated the 
cerebrovascular neurosurgeons to consolidate 
their operative skills and perform repair of aneu-
rysms with improved safety and high standards of 
quality care. Cerebrovascular surgery has advanced 
as a highly subspecialized field with improved sur-
gical corridors along with efficient utilization of 
microscope, aneurysm clips, and other microsurgi-
cal instruments. All these improvements in micro-
surgical techniques, advancements in medical 
technology and their detailed understanding along 
with clinical experience of cerebrovascular dis-
eases has significantly reduced the complications 
and mortality with aneurysm clipping. The future 
of aneurysm treatments is expected to move in the 
direction of non-operative domains, based on 
regenerative medicine and next-generation 
genomic technology assisting in repair of defec-
tive endothelial wall.
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10.1  Introduction

Aneurysmal subarachnoid hemorrhage (aSAH) is 
a devastating neurovascular disease which is asso-
ciated with high morbidity and mortality. It can 
have profound impact on the brain and other 
organs. Although the management strategies 
improved significantly in the last 30  years, the 
30-day mortality and before admission death 
remain high, around 35% and 15%, respectively. 
Mortality and morbidity outcomes following 
aSAH largely depends on the severity of initial 
insult and the complications that might follow the 
insult. SAH patients are normally managed by 
multiciliary team including neurosurgeons, inten-
sivists, interventional neuroradiologist, and anes-

thesiologists in an intensive care unit (ICU). Their 
course in the ICU ranges from a few days to a few 
weeks and repeatedly accompanied by neurologi-
cal and non-neurological complications. 
Neurological complications include re- bleeding, 
delayed cerebral ischemia, hydrocephalus, brain 
edema, and seizures while non-neurological com-
plications are cardiac complications, electrolyte 
disturbances, fever, hyperglycemia, anemia, and 
deep venous thrombosis. Treating clinicians must 
grasp the pathophysiology, recognition, risk fac-
tors, and therapeutic options of these complica-
tions [1, 2].

10.2  Complications Associated 
with SAH

Complications of subarachnoid hemorrhage can 
be divided into neurological and non- neurological 
complications.

10.2.1 Neurological Complications

Re-bleeding, cerebral vasospasm, hydrocepha-
lus, and seizures are the most important neuro-
logical complications of aSAH. The high rates of 
mortality and morbidity after aneurysmal sub-
arachnoid hemorrhage are mainly due to neuro-
logical complications.
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10.2.1.1 Re-bleeding
Re-bleeding following aSAH is one of the most 
devastating neurological complications of 
SAH.  It is associated with very high mortality 
and morbidity, especially if it occurs in the first 
12 h after the initial insult, the mortality rate may 
reach 50–70%. In the first 24  h, the risk of re- 
bleeding ranges between 4 and 13%. Early secur-
ing of ruptured aneurysm by either clipping or 
coiling significantly reduces the risk of re- 
bleeding. Rebleeding occurs more frequently 
within the first 6 hours after initial bleed. Some 
factors associated with rebleeding are non-modi-
fiable, making it impossible to completely elimi-
nate this complication [1–3].

Risk Factors of Re-bleeding
No doubt, knowing the risk factors of re-bleeding 
is very important for prioritizing the surgical 
management strategies and improving the out-
come of SAH patients. The following are the 
most important risk factors:

Amount of Subarachnoid Blood on Initial 
Non-contrast CT Head
The modified Fisher grade of 3 or 4 is one of the 
strongest predictors of re-bleeding within first 
24 h post-ictus. It is independent of patient’s clin-
ical status as evaluated by the World Federation 
of Neurosurgery score at admission. The amount 
of the blood measured by mFisher scale on initial 
CT scan is an indicator of the defect size and sta-
bility of the damaged aneurysm wall, regardless 
of the patient’s neurological status [3].

Poor Neurological Status on Admission
There is a significant association between rate of 
re-bleeding and poor Hunt–Hess grade which 
have been reported in large number of studies. 
Guo L et  al. reported that the incidence of re- 
bleeding was low in patients with good Hunt–
Hess grades (I–III) in comparison with those 
with poor Hunt–Hess grades (IV–V) [3].

Aneurysmal Factors (Size, Location, Total 
Number)
Aneurysm larger than 10 mm is independent risk 
factor of re-bleeding. Guo et al. found that when 

the aneurysm is larger than 10 mm, bleeding was 
1.624-fold higher compared to an aneurysm less 
than 10 mm [3].

Furthermore, posterior cerebral circulation 
aneurysms are at higher rate of re-bleeding than 
anterior cerebral circulation aneurysms.

Total number of aneurysms in angiography of 
patients who present with one ruptured aneu-
rysm is strongly associated with re-bleeding. 
Although there is no clear explanation of this 
association, it may be due to high fragility of 
cerebral blood vessels causing multiple aneu-
rysms and increased risk of re-bleeding of rup-
tured aneurysms [4].

High Blood Pressure (More than 160 mmHg)
Systolic blood pressure (SBP) more than 
160  mmHg is independent risk factor of re- 
bleeding. It is presumed that the fibrin cloth 
formed over the ruptured aneurysm during the 
early stages of SAH is very fragile, therefore the 
significant increase of transmural pressure may 
lead to rupture of the fibrin clot and re-bleeding 
[3, 5].

Patient Age
Age is considered as independent risk factor of 
re-bleeding and poor outcome. Lanzino et  al. 
reported that the rate of re-bleeding was signifi-
cantly high in patients older than 70  years, it 
reached up to 16.4%, while the rate of re- 
bleeding in the youngest age group was only 
4.5% [6].

Angiography within 6 h After Initial SAH
Digital subtraction angiography (DSA) within 
6  h of ictus has been considered to be a risk 
factor for re-bleeding. The incidence of the re-
bleeding when angiography performed within 
6 h of initial insult may reach 3.3%. Re-bleeding 
may result from sudden increase in intra-atrial 
pressure during contrast injection. In one study, 
internal aneurysmal pressure was measured 
during cerebral angiography, contrast injection 
was found to lead to a sudden increase in intra-
aneurysmal pressure of 5–23  mmHg in 
the  absence  of fluctuations in blood pressure 
[7, 8].
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Sentinel Headache Preceding SAH
Sentinel headache (SH) is an intense secondary 
headache, sudden onset, persistent at least for 
1-h, preceding SAH by days or weeks. It is an 
indicator of blood leak from fragile aneurysms. 
Beck et al. reported that the history of SH was 
associated with a significant increase in inci-
dence of re-bleeding in unsecured aneurysm 
[4].

Longer Interval from Ictus to Admission
Delay in admission, blood pressure control, and 
securing of aneurysm are strongly associated 
with re-bleeding. Park et al. revealed that imme-
diate intervention (median time from admission 
to start of aneurysm repair 3  h) was associated 
with significant decrease in re-bleeding risk and 
clinical outcome [9].

Ventriculostomy Before Aneurysmal 
Treatment
Insertion of external CSF drainage may cause 
sudden changes in transmural pressure over the 
already ruptured and weak aneurysm wall 
increasing risk of re-bleeding [9–11].

Coagulopathy
Coagulopathy may interfere with hemostasis and 
cloth formation leading to increased risk of 
re-bleeding.

Pathophysiology of Re-bleeding
There are many theories have been suggested 
based on experimental studies. Change of 
transmural pressure gradient theory (TMPG) is 
the most important theory. The aneurysm’s 
transmural pressure gradient (TMPG) is equal 
to the pressure within the aneurysm (arterial 
blood pressure) minus the pressure outside/
around the aneurysm (ICP), i.e. TMP = MAP-
ICP.  Sudden increase in arterial pressure or 
decrease ICP leads to an increase of TMPG 
and aneurysmal rupture. Therefore the balance 
between intra-atrial and external pres-
sure on the arterial wall is mandatory to main-
tain integrity of the initial clot after the initial 
aneurysmal rupture [12].

Diagnosis
Diagnosis of re-bleeding based on new clinical 
manifestations and new radiological changes. 
The clinical manifestations range from a mild 
increase of headache to coma. Most patients 
with re-bleeding complain of an abrupt increase 
in headache intensity along with deterioration in 
GCS score. However, some patients present with 
loss of consciousness after a convulsion or 
appearance of new neurological deficit. Brain 
(CT) scans are indicated in all patients with new 
neurological manifestations and compared with 
admission CT study to confirm the re-bleeding. 
Sometimes diagnosis of re-bleeding is challeng-
ing if it occurs in pre-hospital stage, before the 
initial CT scan has not been done and patients 
has not properly assessed by emergency physi-
cians [13].

Prevention of Re-bleeding

Early Obliteration of the Aneurysm
Early securing of the aneurysm is the treatment 
of choice to prevent re-bleeding. The American 
Stroke Association (ASA) and the European 
Stroke Organisation (ESO) recommend securing 
the aneurysm as soon as feasibly possible, prefer-
ably within 72 hours. The adoption of these rec-
ommendations in clinical practice varies among 
neurosurgical centers. While some centers con-
sider aSAH as an emergency and advocate secur-
ing the aneurysm as soon as diagnosed, others 
prefer to intervene during the daytime only. 
Obviously, early obliteration of the aneurysm 
avoids the possible administration of antifibrino-
lytic medications which may increase the risk of 
delayed cerebral ischemia and thrombosis. 
Phillips et al. reported securing of ruptured aneu-
rysm within first 24 h (ultra-early) post-ictal was 
associated with improved clinical outcome com-
pared with securing the aneurysm after 24  h 
(Table 10.1) [5, 10, 14].

Blood Pressure Control
Although there is no strong evidence to deter-
mine blood pressure extreme, there is general 
settlement that the acute hypertension in aSAH 
patients with unsecured aneurysm should be 
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controlled till the aneurysm secured to avoid re- 
bleeding. However, post securing the aneurysm 
by clipping or coiling, tight blood pressure may 
increase the risk of cerebral ischemia. It looks 
acceptable but without strong evidence to sus-
pend all antihypertensive medications that the 
patients were taking, and treat hypertension 
only when it is extremely high. It is extremely 
hard to set limits for blood pressure extreme, 
because extreme varies between patients and it 
is affected by many factors such as previous 
blood pressure, cardiac disease, patient age, 
and other factors. The management of high 
blood pressure in acute setting (before securing 
the aneurysm) after aSAH is still debatable due 
to the lack of evidence from randomized con-
trolled trial. Data from observational studies 
propose that aggressive management of blood 
pressure reduces the risk of re-bleeding, how-
ever, at the expense of an increase in secondary 
ischemia. Expert opinion suggests starting 
with short active intravenous titratable antihy-
pertensive medications when systolic blood 
pressure more than 160 mmHg. Nicardipine is 
short-acting calcium channel blocker, used for 

smooth control of blood pressure. Nicardipine 
infusion should start with 2.5–5  mg/h, with 
increase 2.5  mg/h every 15  min. The infusion 
should not exceed 15 mg/h. Clevidipine, a very 
short-acting calcium channel blocker, is another 
option for acute control of hypertension, but 
data for aSAH are lacking at this time. Labetalol 
is non-selective beta blocker, commonly used 
for blood pressure control with intracranial 
hemorrhage as it has no effect on ICP 
(Table 10.1) [5, 10].

Short Course of Antifibrinolytic Medications
In patients who are at high risk of rebleeding and 
whom the delay in securing the aneurysm is 
unavoidable, short-course therapy with 
tranexamic acid or aminocaproic acid (start at 
diagnosis; continued till aneurysm secured or up 
to 72 h post ictus, whichever is earlier) is advis-
able provided there is no medical contraindica-
tion to decrease the risk of early re-bleeding [14]. 
Antifibrinolytic therapy should be stopped at 
least 2 h before coiling of the aneurysm. Continue 
administration of antifibrinolytic therapy for 
more than 72 h exposes patients to side effects of 
therapy when jeopardy of re-bleeding is signifi-
cantly decreased and should be avoided. DVT is 
the most important side effect of prolonged 
course of antifibrinolytic therapy especially in 
patients who have other DVT risk factors, there-
fore they should have close screening for 
DVT. All antifibrinolytic therapies have not been 
approved by US Food and Drug Administration 
(FDA) for prevention of re-bleeding (Table 10.1) 
[2, 5, 10, 15].

10.2.1.2  Vasospasm, Delayed 
Cerebral Ischemia (DCI)

Cerebral ischemia is considered the worst sub- 
acute complications of aSAH, affecting almost a 
third of patients surviving the initial insult. It 
 usually occurs between the 4th and 10th day after 
the initial hemorrhage. The most common clini-
cal features of cerebral ischemia are focal neuro-
logical deficits such as aphasia, hemiparesis or a 
drop in level of consciousness. Occasionally, 
cerebral ischemia is reversible but may progress 
to cerebral infarction leading to severe neurologi-

AHA/ASA guidelines 2012
Level of 
evidence

1. Between the time of aSAH symptom 
onset and aneurysm obliteration, blood 
pressure should be controlled with a 
titratable agent to balance the risk of 
stroke, hypertension-related 
re-bleeding, and maintenance of 
cerebral perfusion pressure

Class I; 
Level of 
evidence B

2. The magnitude of blood pressure 
control to reduce the risk of re-bleeding 
has not been established, but a decrease 
in systolic blood pressure to 
<160 mmHg is reasonable

Class IIa; 
Level of 
evidence C

3. For patients with an unavoidable 
delay in obliteration of aneurysm, a 
significant risk of re-bleeding, and no 
compelling medical contraindications, 
short-term (<72 h) therapy with 
tranexamic acid or aminocaproic acid 
is reasonable to reduce the risk of early 
aneurysm re-bleeding

Class IIa; 
Level of 
evidence B

Table 10.1 Medical measures recommended by AHA/
ASA to prevent re-bleeding of aSAH [10] (Courtesy from 
Dr Adel E. Ahmed Ganaw)
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cal deficits and even death. Cerebral ischemia 
and neurological deficits are usually associated 
with angiographic narrowing of cerebral blood 
vessels. However, both cerebral ischemia and 
angiographic narrowing may occur indepen-
dently of each other [2, 16].

Furthermore, there is no direct association 
between the severity of angiographic vasospasm 
and clinical manifestations of cerebral ischemia. 
Some aSAH patients develop DCI despite mod-
erate vasospasm, while others who have signifi-
cant angiographic vasospasm are might stay 
asymptomatic. Several factors other than vaso-
spasm, such as impairment of collateral circula-
tion, variations in tolerance cerebral ischemia 
and genetic susceptibility, contribute to DCI and 
cerebral infarction acquirement. Therefore, vaso-
spasm refers to the luminal narrowing of large 
cerebral blood arteries following aSAH con-
firmed by either radiographic images such as CT 
angiography, MRA, DSA or ultrasonography 
(TCD). This narrowing may impair cerebral per-
fusion and oxygen delivery, causing cerebral 
infarction or ischemia. Generally, cerebral vaso-
spasm starts on the third day after aneurysm rup-
ture, though early vasospasm has been reported. 
The most significant degree of vasospasm occurs 
between the 5th and 14th day after initial insult 
and resolves spontaneously after 21 days [2, 16].

Delayed cerebral ischemia (DCI) refers to a 
drop in the GCS by 2 points either on the total 
score or on one of its components (Eye, motor on 
either side, verbal) or occurrence of focal neuro-
logical deficit such as hemiparesis, aphasia, hemi-
anopia, and apraxia and worsening headache. This 
should continue at least for an hour, it is not appar-
ent straightaway after aneurysm securing and can-
not be explained by other causes, for instance, 
medications, seizures, metabolic derangement, 
sepsis, re-bleeding, and hydrocephalus [16].

These clinical manifestations may resolve 
spontaneously or after treatment. However, it 
may lead to cerebral infarction.

Cerebral infarction refers to the presence of 
cerebral infarction on radiological investigations 
(brain CT scan or MRI) within 6  weeks post- 
ictus, or on the last CT scan or MRI made prior to 
death within 6 weeks or confirmed at autopsy and 

not reported on CT scan or MRI within first 48 h 
post early securing of a cerebral aneurysm, as 
well as not related to other reasons such as surgi-
cal clipping or coiling [2, 16].

Risk Factors
The pathophysiology of cerebral vasospasm and 
delayed cerebral ischemia is exceptionally com-
plicated, not yet fully understood. Therefore, rec-
ognizing risk factors and markers of cerebral 
vasospasm and delayed cerebral ischemia is 
essential for better understanding, prediction and 
timely effective management. Many factors have 
been investigated for possible correlation with 
cerebral vasospasm, such as age, hypertension, 
diabetes mellitus, smoking, gender, and heart dis-
ease [17].

Age
There are contradicting data regarding the asso-
ciation of a patient’s age with cerebral vaso-
spasm. Generally, younger age is considered as a 
predictor of symptomatic cerebral vasospasm. 
Furthermore, vasospasm in young SAH patients 
is usually more severe and necessitate more 
aggressive interventions than vasospasm in 
elderly patients. Stiffens of the cerebral blood 
vessels in the elderly population may explain low 
vasospasm risk in elderly patients. However, the 
elderly are more susceptible to cerebral infarc-
tion as their brains have less tolerance for vascu-
lar narrowing [17, 18].

Gender
Although female gender is relatively considered 
as risk factor for aSAH, most studies showed no 
association between gender and occurrence or 
severity of cerebral vasospasm [19].

Cigarette Smoking
There are conflicting data regarding the correla-
tion of cigarette smoking with cerebral vaso-
spasm and DCI. Some studies reported a strong 
association between cigarette smoking and severe 
cerebral vasospasm and DCI, while nine studies 
found no association. Smoking may cause arteri-
opathy and make patients less tolerant of cerebral 
ischemia [17].
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Diabetes Mellitus
Dumont et  al. showed that longstanding pre- 
existing diabetes mellitus in aSAH patients is an 
independent risk factor for developing symptom-
atic vasospasm, despite adequate glycemic con-
trol. The possible explanation is that the presence 
of endothelial and muscularis dysfunction of ves-
sels’ wall due to longstanding microvascular dis-
ease. Moreover, hypoglycemia is considered by 
some researchers as a risk factor for cerebral 
vasospasm and DCI [20].

Initial Loss of Consciousness
Hop et  al. reported that the length of initial 
unconsciousness following aneurysm rupture 
was a strong predictor of cerebral vasospasm and 
DCI [21].

Hypertension
Most studies found no correlation between cere-
bral vasospasm and pre-existing hypertension. 
However, longstanding hypertension may cause 
arteriopathy. Therefore, cerebral vasospasm in 
hypertensive patients is poorly tolerated and 
associated with poor outcome [17].

Severity of aSAH Clot on CT Scan
The amount of subarachnoid blood detected by 
the initial CT scan following aneurysm rupture is 
the most potent predictor of vasospasm occur-
rence. However, few studies could not find a sig-
nificant association between cerebral vasospasm 
and radiological grading of SAH.  Fisher et  al. 
reported a strong association between thick cis-
ternal clot and cerebral vasospasm. Fisher scale 
and recently developed modified Fisher scales 
are most commonly used by clinicians as a sig-
nificant predictor for vasospasm. Several tech-
niques (lumbar drain, intracisternal and 
intrathecal lysis) to reduce the amount of sub-
arachnoid blood or to facilitate clearance of blood 
clot from basal cisterns, have been investigated 
with variable outcomes [17, 19].

Electrolyte Disturbance
Clinical studies showed a significant correlation 
between cerebral vasospasm incidence and some 
electrolyte disturbance, especially sodium and 

magnesium. Van den Bergh et al. proposed that 
hypomagnesemia following rupture of cerebral 
aneurysm is a risk factor for cerebral vasospasm 
and DCI. Administration of magnesium might be 
worthy to reduce the risk of cerebral vasospasm. 
Furthermore, most studies found no association 
between serum potassium, urea nitrogen, liver 
enzymes, lactate dehydrogenase, and creatine 
phosphokinase and development of cerebral 
vasospasm [2, 22].

Myocardial Dysfunction
Myocardial dysfunction occurs in almost half of 
patients with aSAH.  It ranges from mild eleva-
tion in cardiac biomarkers, electrocardiogram 
(ECG) changes to recognizable clinical and 
echocardiographic abnormalities. Numerous 
studies reported that elevation of cardiac troponin 
I, brain natriuretic peptide (BNP), creatine kinase 
MB, left ventricular hypertrophy (LVH) on ECG, 
severe left ventricular dysfunction (Ejection frac-
tion less than 40%), and regional wall motion 
abnormalities on the echocardiography were 
associated with severe cerebral vasospasm, DCI, 
and poor outcome [2, 17].

Diagnosis of DCI
Close neurological monitoring of SAH patients is 
crucial for early diagnosis and treatment of 
reversible causes of neurological deterioration. 
The neurological insult can be caused by DCI, 
hypoxia, sepsis, seizures, hypoxia, metabolic dis-
turbance, re-bleeding, and hydrocephalus. Hence, 
frequent neurological evaluations, availability of 
urgent neuro-imaging and EEG are standards in 
treatment of aSAH.  Neurological monitoring 
approach to early detection of DCI contains three 
components: clinical, radiological, and physio-
logical monitoring [2].

Clinical Monitoring
Frequent neurological examinations is crucial for 
detecting new neurological deficits caused by 
DCI or cerebral infarction. Any worsening 
change in neurological examination should trig-
ger for further investigations and interventions 
that may vary according to the patient’s clinical 
condition. Unfortunately, clinical examinations 
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alone are not enough to detect all ischemic events, 
especially in poor obtunded, sedated, and 
mechanically ventilated patients. Shimonda et al. 
found that MRI detected cerebral infarction in 
23% of patients with aSAH which were not rec-
ognized clinically. Furthermore, Schmidt et  al. 
reported that the brain CT scan identified asymp-
tomatic infarction in 20% of patients with 
aSAH.  It was mostly reported in comatose 
patients. Therefore, supplementary radiological 
investigations or physiological monitoring or 
both should be regularly performed for SAH 
patients during the high-risk period (5–14  day 
post-ictus) even in the absence of clinical evi-
dence of DCI [2].

Radiological Monitoring
Radiological imaging including digital subtrac-
tion angiography (DSA), Computed tomogram 
angiography (CTA), Computed tomogram perfu-
sion (CTP), and MR angiogram should be con-
sidered to diagnose, assess the severity, location, 
and complications of cerebral vasospasm and 
DCI [2].

Digital Subtraction Angiography (DSA)
DSA is considered the gold standard for the diag-
nosis of cerebral arterial narrowing. It is accurate 
and permits immediate intervention by balloon 
angioplasty and or intra-arterial injection of vaso-
dilators. However, it is a slightly invasive tech-
nique, requires general anesthesia, has a limited 
role in assessment sufficiency of perfusion to 
gather cerebral metabolic demands and is associ-
ated with slightly increased risk of cerebral isch-
emia and stroke [2].

Computed Tomogram Angiography (CTA)
CTA is a noninvasive investigation to diagnose 
vasospasm in patients with aSAH.  It directly 
visualizes arterial narrowing caused by cerebral 
vasospasm. Compared with DSA, it requires less 
human resources and is easily accessible and can 
be performed immediately after a non-contrast 
brain CT scan. Numerous studies compared CTA 
with DSA and reported the tendency of CTA to 
overestimate the degree of stenosis. CTA has a 
specificity of 96% and a sensitivity of 64% in 

evaluating the severity and location of cerebral 
vasospasm. It could be used as a screening tool to 
limit using DSA in the emergency setting when 
immediate management decisions are required 
and in unstable patients to undergo DSA [2].

Computed Tomogram Perfusion (CTP)
CTP assesses brain perfusion hemodynamics, is 
noninvasive, can be performed repeatedly, and 
can easily be incorporated into the standard CT/
CTA protocol that is classically performed for 
aSAH patients with suspected vasospasm.  CTP 
uses standard CT equipment and requires only 
dedicated post-processing software to generate 
perfusion maps of the brain within 5 min of data 
acquisition. Unlike TCD, CTP can assess blood 
flow throughout the whole territory perfused by a 
cerebral artery. Quantitative CTP maps have been 
validated by comparison with xenon CT20 and 
positron-emission tomography (PET) studies 
[21]. CTP plays a role in the early management 
of adult patients with acute stroke and other cere-
brovascular disorders [22–24] because it affords 
insight into the relative areas of cerebral infarc-
tion and the associated ischemic penum-
bra. However, experience with CTP in vasospasm 
following SAH is limited. To date, only one small 
series has been reported [25], and there has been 
no systematic comparison with DSA or TCD 
results [23].

CTP affords some brain perfusion measure-
ments, which could improve the predictive value 
of multi-modality CT (non-contrast + 
CTA  +  CTP) for assessment and diagnosis of 
DCI. CTP finding of delayed mean transit time 
(MTT) >6.4  s in conjunction with arterial nar-
rowing on CTA was more accurate in predicting 
the need for endovascular intervention for 
 vasospasm. However, all published CTP studies 
are small (less than 100 patients), and CTP does 
not currently evaluate the posterior fossa well. 
There were too few MR perfusion reports to con-
sider this as a proper DCI monitoring tool at this 
time [2, 20, 23].

Physiological Monitoring
Transcranial Doppler ultrasonography (TCD), 
electroencephalography (EEG), brain tissue oxy-
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gen monitoring, cerebral microdialysis, cerebral 
blood flow thermal diffusion (TD-CBF) monitor-
ing, and near-infrared spectroscopy are physio-
logical monitoring modalities for cerebral 
vasospasm and DCI [2].

Transcranial Doppler (TCD)
Transcranial Doppler is an ideal surveillance tool to 
detect cerebral vasospasm in symptomatic patients 
with aSAH and patients with poor neurological sta-
tus when clinical suspicion of cerebral aneurysm is 
unreliable. Cerebral vasospasm in patients with 
SAH is a dynamic phenomenon that may worsen or 
improve over time. Thus, bedside TCD is consid-
ered as the most appropriate tool for monitoring of 
cerebral vasospasm in comparison with DSA, CTA 
or CTP which they cannot be used daily for moni-
toring patients with SAH, as they are invasive tools, 
requiring administration of contrast and transferring 
of critically ill patients to angiography suits. 
Besides, in contrast to TCD, they are static tools and 
give snapshot information on the disease process. 
The AHA/ASA guidelines on the management of 
aneurysmal subarachnoid hemorrhage (2012) rec-

ommend using TCD as a reliable noninvasive tool 
to monitor the development of cerebral vasospasm 
in patients with aSAH (Class II a, Level) [23].

TCD probe (2 MHz) is fixed in a headset or 
applied manually in the region of acoustic win-
dows. Acoustic windows are regions of the skull, 
either thin bone or foramina where ultrasound 
waves can be transmitted to the cerebral circula-
tion. There are four acoustic windows (transtem-
poral, transorbital, suboccipital, and 
submandibular windows) (Fig. 10.1) [23].

The calculated flow velocity is directly pro-
portional in milliliters per minute to the amount 
of blood flowing through the artery and inversely 
proportional to the square of the vessel’s diame-
ter. Vasospasm narrows the diameter of blood 
vessels and increases flow velocity by assuming 
continuous flow. Low (<120 cm/s) or very high 
(>200 cm/s) middle cerebral artery flow velocity 
reliably indicates the presence or absence of clin-
ically significant cerebral vasospasm. The inter-
mediate velocities (120–199 cm/s) are unreliable 
and inconclusive for determining significant 
angiographic cerebral vasospasm [24].

TCD Transducer

Transorbital View

Transtemporal View

Suboccipital View

MCA

PCom
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BA
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Fig. 10.1 Acoustic windows for insonation of cerebral circulation [24]. (This figure is distributed under the terms of 
the Creative Commons 4.0 License)
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TCD is used to calculate the Lindegaard ratio 
(LR), which is the ratio between mean flow 
velocity of the middle cerebral artery (MCA 
MFV) and mean flow velocity of the ipsilateral 
extracranial proximal internal carotid artery (ICA 
MFV). LR plays a vital role in grading vaso-
spasm as well as in distinguishing between 
hyperemia and vasospasm (Table  10.2). In 
patients with hyperemia, the mean blood flow 
velocity increases in both ICA and MCA; there-
fore, LR is less than 3. While in cerebral vaso-
spasm, mean blood flow velocity in MCA is 
much higher than that of ICA, and subsequently, 
LR is greater than 6 [24].

TCD has several significant limitations. It 
helps in recognition vasospasm with only 67% 
specificity in comparison with DSA. Vasopressor 
may affect the measurements of TCD, resulting 
in false-positive vasospasm. Sensitivity and spec-
ificity of TCD may vary significantly, depending 
on the skills and capability of the operative. 
Furthermore, about 15% of patients do not have a 
temporal acoustic window that permits accurate 
TCD measurements. TCD is not reliable in 
detecting anterior cerebral artery (ACA) and pos-
terior cerebral artery (PCA) vasospasm [24].

 Prevention of Delayed Cerebral Ischemia
Although DCI prevention has been studied exten-
sively for the last few decades, most studies have 
been disappointing and currently only limited 
treatment choices are available to reduce the risk 
of delayed cerebral ischemia (Table 10.3) [1].

Nimodipine
Nimodipine is a dihydropyridine L-type cal-
cium channel blocker is the only medication 
recommended for aSAH by the American Heart 

Association (AHA), Neurocritical Care Society 
(NCS), and European guidelines. It seems to 
improve the long-term outcome in patients with 
poor-grade aSAH.  British aneurysm nimodip-
ine trial reported that oral nimodipine 60  mg 
four hourly for 21  days was well tolerated, 
reduced the risk of cerebral infarction, death 
and improved neurological outcome in patients 
with subarachnoid hemorrhage. Currently, this 
regimen is recommended and widely used. 
Nimodipine dose may be divided to 30 mg two 
hourly or reduced to 30 mg four hourly if asso-
ciated with hypotension. Adequate cerebral 
perfusion (systolic blood pressure 130–
150  mmHg) takes priority over nimodipine. 
Nimodipine should be suspended if perfusion 
pressure cannot be maintained. Intravenous 
nimodipine is not superior to an oral formula-
tion. It is associated with hemodynamic insta-
bility, particularly in hypovolemic or cardiac 
patients. It may be considered an instance of 
enteral malabsorption. The mechanisms by 
which nimodipine improves the outcome are 
not entirely understood. It might increase the 
endogenous fibrinolytic activity in patients with 
SAH and prevent ischemic events in these 
patients. Also, the reduction of the calcium 
influx by nimodipine after cerebral ischemia 
may have a neuroprotection effect in SAH 
patients [25, 26].

Avoidance Hyponatremia and Hypovolemia
Cerebral Salt Wasting Syndrome (CSWS) and 
Syndrome of Inappropriate Antidiuretic Hormone 
(SIADH) are common medical complications 
following aSAH. They are the leading cause of 
hypovolemia and hyponatremia, and conse-
quently, DCI. Wijdicks et al. reported that hypo-
natremia correction secondary to SIADH with 
fluid restriction was dangerous and increased 
cerebral infarction risk. Maintaining euvolemia 
and normal serum sodium with isotonic crystal-
loid is currently recommended to prevent 
DCI.  Fludrocortisone (200–400μg/day) reduces 
the incidence of hyponatremia. Hypertonic saline 
3% may be considered to correct symptomatic 
hyponatremia [27, 28].

Table 10.2 Grading of the severity of MCA vasospasm 
using LR [24] (This table is distributed under the terms of 
the Creative Commons 4.0 License)

Degree of MCA 
vasospasm MCA MFV (cm/s) LR
Mild 120–149 3–6
Moderate 150–199 3–6
Sever >200 >6
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Table 10.3 Evidence review of drugs used in aneurysmal subarachnoid hemorrhage [27]

Medication Type of the medications
Suggested mechanism 
of action Status Guidelines

Nimodipine Calcium channel 
blocker (L-type)

Reduces 
angiographic 
vasospasm, 
neuroprotective, 
augment fibrinolytic 
activity and 
decreases cortical 
spread of ischemia

Meta-analysis of 
clinical trials reported 
that oral nimodipine 
decreased the risk of 
DCI and poor 
outcome

Class 1, level A, 
Nimodipine should 
be administered 
orally to prevent 
DCI

Clazosentan Endothelin A receptor 
antagonist

Reduction of 
angiographic 
vasospasm

4 RCTs and a 
meta-analysis 
Clazosentan reduced 
angiographic 
vasospasm without a 
significant effect on 
outcome. 
Hypotension and 
pulmonary 
complications effect 
of Clazosentan could 
have counteracted its 
favorable effects

Not addressed. 
Nonetheless, after 
the publication of 
the CONSCIOUS 
trials and following 
meta-analysis, 
clazosentan 
infusion will not be 
recommended for 
patients with SAH, 
as a class I, level A

Fasudil Rho-kinase inhibitor Decreases smooth 
muscle contraction 
and inhibits 
TNF-induced IL-6 
release from C6 
glioma cells

8 RCTs, reported that 
Fasudil significantly 
decreased the 
incidence of 
angiographic 
vasospasm and 
cerebral infarction 
and improved the 
odds ratio for good 
recovery in 
comparison with 
placebo or nimodipine 
and other medications

Not addressed. 
Fasudil is approved 
for use in Japan 
and China but not 
in Europe or USA

Statins Inhibit HMG-CoA 
reductase

Preserve endothelial 
function, anti- 
inflammatory, 
antioxidant, 
antithrombotic 
effect. 
Neuroprotective. 
Vascular protection

7 RCTs of statins in 
patients with 
SAH. An additional 
study showing no 
benefit of higher dose 
of simvastatin (80 mg 
versus 40 mg). 
Systematic review 
reported that statin 
had no effect of poor 
outcome

Statin considered 
only if aSAH 
patient was 
receiving statin at 
time of the insult. 
(class I, level A)

Magnesium Antagonism of 
calcium channels on 
vascular smooth 
muscle

Vasodilation, 
increased endothelial 
cell prostacyclin. 
Endothelial 
protection
Protect the 
BBB. Decrease 
cerebral edema
Anticonvulsant 
(NMDA antagonist)

Seven RCTs, 
Meta-analysis 
reported no effect of 
magnesium on poor 
outcome

Class I, level A 
magnesium is not 
recommended for 
prevention of DCI
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Table 10.3 (continued)

Medication Type of the medications
Suggested mechanism 
of action Status Guidelines

Dantrolene Inhibits ryanodine 
receptors

Decreases 
intracellular calcium 
release in smooth 
muscle and may be 
neuroprotective

One small dose- 
escalation study, 
Dantrolene in a dose 
of 2.5 mg/kg was 
associated with 
reduced cerebral 
blood flow velocities 
measured by 
transcranial Doppler

Not addressed. 
Remains 
experimental

Intrathecal 
thrombolytics (i.e., 
urokinase and 
recombinant tissue 
plasminogen 
activator)

Fibrinolytic agents The rapid clearance 
of subarachnoid clot 
could reduce 
angiographic 
vasospasm and 
complications, such 
as cortical spreading 
ischemia and 
microthrombosis

5 RCTs and a 
meta-analysis, 
thrombolysis was 
associated with 
significant reductions 
in angiographic 
vasospasm, delayed 
neurological deficits, 
hydrocephalus, and 
poor outcome

Not addressed
Further studies are 
required

Antiplatelet drugs 
(Acetylsalicylic 
acid, OKY-046 
(Cataclot), 
selective 
thromboxane 
synthetase 
inhibitor, 
Dipyridamole, 
Ticlopidine

Acetylsalicylic acid. 
OKY-046 
(Cataclot)—direct 
drug action L-type 
calcium channel 
antagonist. 
Endothelin A receptor 
antagonist. Rho- 
kinase inhibitor 
inhibit HMG-CoA 
reductase. 
Antagonism of 
calcium channels on 
vascular smooth 
muscle, inhibits 
ryanodine receptors
Fibrinolytic agents
Inhibition of platelet 
aggregation

Inhibition of platelet 
aggregation

7 RCTs and a 
meta-analysis found 
trends toward 
reduction in poor 
outcome but also 
toward increased 
intracranial 
hemorrhage. Only 
ticlopidine was 
associated with 
statistically significant 
fewer occurrences of 
a poor outcome (only 
one small RCT)

Not addressed
Further trials are 
needed. According 
to the meta- 
analysis results, 
treatment with 
antiplatelet agents 
to prevent DCI or 
poor outcome 
cannot be 
recommended

Albumin Multiple Neuroprotection Open-label dose- 
escalation trial 
reported improvement 
in the outcome

Not addressed. 
Remains 
experimental

Erythropoietin Multiple Prevent loss of 
autoregulation
• Reduce 
angiographic 
vasospasm
• Inhibits apoptosis 
and stimulates 
neurogenesis and 
angiogenesis

2 RCTs, one negative 
study and one 
showing that patients 
who received 
erythropoietin had 
fewer cerebral 
infarcts, shorter 
duration of 
autoregulatory 
dysfunction, and 
better clinical 
outcome

Not addressed. 
Remains 
experimental

(continued)
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Induced Hypertension
Induced hypertension is an effective technique to 
reverse the neurological symptoms of 
DCI.  Vasopressor is considered as the first-line 
therapy for augmentation of blood pressure. 
Vasopressors such as Norepinephrine, dopamine, 
and phenylephrine have been shown to signifi-
cantly improve CBF and or cerebral oxygenation, 
leading to clinical improvement of neurological 
deficits in almost 70% of SAH patients. 
Norepinephrine is considered as vasopressor of 
choice due to its agonist effect on alpha and beta 
receptors, reliable hemodynamic response, and 
relatively low incidence of tachycardia. Arginine 
vasopressin is also effective and may be consid-
ered rescue therapy for refractory DCI patients 
when multiple vasopressors are needed to achieve 
targeted CPP.  Isotonic saline bolus (15  mL/kg/
over 1  h) at the institution of therapy improves 
cerebral blood flow (CBF). The initial systolic 
blood pressure target depends on baseline blood 
pressure; it usually ranges between 140 and 
180 mmHg. In symptomatic good grade patients, 
the blood pressure should be titrated to clinical 
response and gradually increased. The absence of 
the response for 30 min should trigger increasing 
the blood pressure target; the goal is resolving the 
symptoms. Systolic blood pressure of 220 mmHg 
or MAP of 140 mmHg is the highest target used by 
most centers. In poor-grade patients, clinical 
examinations are not reliable. The treating physi-
cian should rely on accessible neuromonitoring 

such as ICP, continuous EEG and brain tissue oxy-
gen monitoring (PbtO2) and titrate blood pressure 
to optimize CPP. CPP of 120 mmHg is the highest 
target used by neuro centers. Induced hypertension 
is safe in patients with an unsecured, unruptured 
cerebral aneurysm. However, induced hyperten-
sion may lead to cardiac complication, such as 
heart failure or myocardial ischemia. De-escalation 
of the induced hypertension should be gradual and 
should be started after obtaining a stable neuro-
logical condition for at least 24–48 h [28, 29].

Rescue Therapy for Medically-Refractory DCI 
(Tier One Interventions)

Haemoglobin Optimization
Anemia in aSAH patients is not uncommon. It is 
observed in more than half of patients with aSAH 
and is usually associated with poor outcome. In 
poor-grade patients, anemia with hemoglobin 
less than 10 g/dL is associated with brain anoxia 
and increased metabolic distress. Transfusion of 
packed red blood cells in aSAH patients with a 
baseline hemoglobin level of 8 g/dL is associated 
with improved oxygen delivery and increases 
brain tissue oxygen tension. Neurocritical care 
society guidelines recommend packed red blood 
cell transfusion trigger of 8 g/dL in patients with 
aSAH without DCI and transfusion trigger of 
9–10  g/dL as rescue therapy in aSAH patients 
with refractory DCI unresponsive to induced 
hypertension [26].

Table 10.3 (continued)

Medication Type of the medications
Suggested mechanism 
of action Status Guidelines

Cilostazol Phosphodiesterase 3 
inhibitors

Vasodilatation, 
antithrombotic, 
anti-smooth muscle 
proliferation, 
inotropic and 
chronotropic effects

One small (109 
patients) randomized, 
single-blind study, 
Cilostazol 
significantly reduced 
angiographic 
vasospasm, DCI, and 
cerebral infarction but 
had no effect on 
outcome

Not addressed. 
Remains 
experimental

CONSCIOUS Clazosentan to Overcome Neurological Ischemia and Infarction Occurring After Subarachnoid 
Hemorrhage, IL-6 interleukin-6, RCT randomized controlled trial, STASH simvastatin in aneurysmal subarachnoid 
hemorrhage, BBB blood–brain barrier. (This table from Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/) [1]
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Endovascular Therapy
Endovascular intervention should be consid-
ered when DCI is refractory to hemodynamic 
optimization or for patients with multiple med-
ical comorbidities, in whom medical therapy 
can cause medical complications such as myo-
cardial infarction, heart failure, and fluid over-
load. Endovascular therapy can be carried out 
through either mechanical dilatation via percu-
taneous transluminal balloon angioplasty 
(PTCA) or intra-arterial infusion of vasodila-
tors [28].

Mechanical Dilatation
Mechanical dilatation of spastic arteries via 
PTCA is usually considered to dilate spastic 
proximal vessels such as the internal carotid 
artery, vertebral or basilar artery, M1 and some-
times M2 segments of the MCA, and A1 and P1 
segments of the anterior and posterior cerebral 
artery, respectively. It is a successful procedure 
with more than a 90% success rate, primarily if 
performed within less than 2 h after neurological 
deterioration. Although, because of recurrence of 
arterial vasospasm, repeating the intervention 
may be required. The rate of serious complica-
tions from mechanical dilatation such as a cere-
bral artery rupture, thrombosis, embolism, and 
arterial dissection may occur in up to 5% of 
patients [28].

Intra-arterial Vasodilators
Several case series have reported intra-arterial 
vasodilators’ success in reversing cerebral vaso-
spasm assessed by cerebral angiography, TCD, 
cerebral oxygenation, and angiographic cerebral 
circulation time. Although no single vasodilator 
has been tested objectively in a clinical trial 
against a control group, many vasodilators such 
as papaverine, nicardipine, verapamil, nimodip-
ine, milrinone, and fasudil have used intra- 
arterial effectively to treat the vasospasm. 
Verapamil (20–40  mg) and nicardipine (10–
20  mg) are the most commonly used agents. 
They are typically infused over 1 h. Intra-arterial 
vasodilator is usually administered with balloon 
angioplasty to treat diffuse and distal vaso-
spasm. It has numerous pros over PTCA; better 

distal penetration with a more diffusing effect 
and a better safety profile. The most important 
limitations of intra- arterial vasodilators are 
recurrent vasospasm due to short-term effects of 
these agents, jeopardy of hypotension due to 
systemic effect, and cerebral vasodilatation may 
increase the ICP [28, 30].

10.2.1.3  Hydrocephalus
Hydrocephalus is considered as one of the com-
mon serious neurological complications of SAH 
which affects 20–30% of aSAH patients. It may 
cause significant neurological deterioration; long 
hospital stay and increase the mortality. 
Therefore, early diagnosis and treatment is vital 
and may improve patient’s outcome [31].

Hydrocephalus is defined as “an active disten-
tion of the ventricular system of the brain result-
ing from inadequate passage of CSF from its 
point of production within cerebral ventricles to 
its point of absorption into systemic circulation” 
[32].

 Pathophysiology
Acute hydrocephalus occurs in 20% of the 
patients in first 72  h post-ictus. A sub-acute 
develops between 4th and 14th day after the hem-
orrhage and affects only 2–3% of patients. While 
chronic hydrocephalus develops 2  weeks after 
initial hemorrhage, it affects 10–20% of patients. 
The pathophysiology of hydrocephalus after 
SAH is still unclear and poorly understood. 
However, altered CSF dynamics in acute and 
chronic hydrocephalus have been extensively 
investigated [31, 33]. There are two forms of 
post-SAH hydrocephalus:

Communicating Hydrocephalus
Subarachnoid hemorrhage leads to fibrosis of 
leptomeninges as well as deposition of blood and 
blood products in arachnoid granulation of the 
superior sagittal sinus causing impairment of 
CSF absorption and circulation. For instance, 
rupture of anterior cerebral aneurysm causes 
fibrosis of leptomeninges and arachnoid granula-
tion and considered as common cause of acute 
and chronic communicating hydrocephalus. In 
communicating hydrocephalus, the CT scan 
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shows all four ventricles are evenly dilated. 
However, this analysis can be misleading if 
obstruction occurs in fourth ventricle outflow 
(foramina of Luschka and Magendie), which 
might be falsely interpreted radiologically as 
being communicating as all ventricles are evenly 
dilated [31].

Noncommunicating Hydrocephalus
Subarachnoid hemorrhage may lead to obstruc-
tion of CSF pathways causing noncommunicat-
ing or obstructive hydrocephalus. For example, 
rupture of posterior cerebral aneurysm can lead 
to intraventricular hemorrhage which may 
obstruct fourth ventricle outflow (foramina of 
Luschka and Magendie) and lead to obstructive 
hydrocephalus [34].

 Diagnosis
Clinical diagnosis of the acute hydrocephalus in 
aSAH can be challenging. Most of SAH patients 
complain of headache, vomiting, disturbance of 
consciousness, and nausea as result of presence 
of blood in subarachnoid space, therefore treating 
physicians cannot rely on symptoms to diagnose 

hydrocephalus. Hence the diagnosis of hydro-
cephalus relays mainly on radiographic finding, 
specifically CT scan [31].

CT Scan
CT scan is the  quickest and the  most efficient 
investigation to detect hydrocephalus. Numerous 
ventricular measurements based on CT scan 
studies have been tried to establish diagnosis of 
hydrocephalus. Presently, bicaudate index (BCI) 
and relative bicaudate index (RBCI) are consid-
ered as markers of choice to make a diagnosis. In 
1980s Gijn et  al. suggested that hydrocephalus 
should be diagnosed once the BCI was more than 
the age-corrected 95th percentile to limit effect of 
aging on the ventricular size (Table  10.2). The 
BCI is the width of the frontal horns of the cau-
date nuclei divided by corresponding diameter of 
the brain at the same level (Fig.  10.2), While 
RBCI calculated by dividing BCI by the upper 
limit of normal for that age (Table  10.4). 
Diagnosis of hydrocephalus is highly suspected 
if RBCI more than1. For example, if a 73 year old 
patient had BCI of 0.24, the RBCI was calculated 
by dividing BCI by the upper limit for age 73 

A

BCI = A/B

B

Fig. 10.2 CT brain to explain how to calculate BCI, (A) is the distance between caudate nuclei, while B is the width 
of brain at same level. BCI is A/B. (Courtesy from Dr. Adel E. Ahmed Ganaw)

A. E. A. Ganaw et al.
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which is 0.21, which gives 1.14, so diagnosis of 
hydrocephalus is approved [31, 35].

Magnatic Resonance Imaging (MRI)
MRI provides more details than CT scan on the 
extent of damaging effect of hydrocephalus on 
periventricular brain parenchyma and gives more 
details on the morphology of the aqueduct and 
dynamic of CSF and consequently determine if it is 
stenosed or completely blocked. Therefore, MRI 
may help treating clinician to determine the cause 
and pathophysiology of hydrocephalus. However, 
MRI is an expensive, time consuming, sedation is 
required which may affect conscious level and 
interfere with neurological assessment [36].

 Clinical Predictor of Shunt- Dependent 
Hydrocephalus
Shunt-dependent hydrocephalus is one of the dev-
astating neurological complications of aSAH.  It 
represent 4.3–48% of complications. The patho-
physiology of shunt-dependent hydrocephalus is 
not well understood. It is different from acute 
hydrocephalus. Meningeal inflammation leads to 
arachnoid inflammation and adhesion, which 
impair and prevent CSF absorption at the arach-
noid villi and basal cisterns causing shunt-depen-
dent hydrocephalus. Prediction of occurrence of 
shunt-dependent hydrocephalus and timely diver-
sion of CSF are very important to reduce paren-
chymal damage. The following are the independent 
risk factors for shunt-dependent hydrocephalus;

 1. Poor High Hunt and Hess Scale score.
 2. Intraventricular hemorrhage.
 3. Age older than 60 years.
 4. Ruptured Posterior circulation aneurysm.
 5. Re-bleeding [37, 38].

 Management of Hydrocephalus

External Ventricular Drain (EVD)
EVD insertion is considered a treatment choice for 
management of acute hydrocephalus regardless 
the cause of the hydrocephalus. It is associated of 
rapid improvement of neurological status. 
According to AHA/ASA guidelines (Table 10.5), 
EVD should be considered for aSAH patients who 
presented with symptomatic hydrocephalus 
(decrease in GCS, drowsiness and or confusion). 
EVD placement should be established in operating 
theater or at bedside (critical care or emergency 
department) using established sterile, anatomical 
land-mark approach. If EVD placed before secur-
ing of the aneurysm, the drainage pressure should 
be kept at 20 mmHg to avoid over drainage of CSF 
and re-bleeding. Once the aneurysm secured, the 
drainage pressure should be decreased to 
5–10 mmHg to drain sufficient bloody CSF [39].

Most of the neurocritical care centers in the 
USA prefer continues EVD draining with grad-
ual weaning over intermittent draining and rapid 
weaning. However, rapid weaning of EVD may 

Table 10.4 Upper 95% confidence value for BCI strati-
fied by age as suggested by van Gijn et al. [35]

Patient age in years Upper 95% confidence value
Less than 30 0.16
30–49 0.18
50–59 0.19
60–79 0.21
80–100 0.25

Table 10.5 AHA/ASA guidelines for management of 
hydrocephalus following aneurysmal subarachnoid hem-
orrhage [10] (Courtesy from Dr. Adel E. Ahmed Ganaw)

AHA/ASA guidelines 2012 Level of evidence
1. aSAH-associated acute 
symptomatic hydrocephalus should 
be managed by cerebrospinal fluid 
diversion (EVD or lumbar 
drainage, depending on the clinical 
scenario)

Class I; Level of 
evidence B

2. aSAH-associated chronic 
symptomatic hydrocephalus should 
be treated with permanent 
cerebrospinal fluid diversion

Class I; Level of 
evidence C

3. Weaning EVD over >24 h does 
not appear to be effective in 
reducing the need for ventricular 
shunting

Class III; Level of 
evidence B

4. Routine fenestration of the 
lamina terminalis is not useful for 
reducing the rate of shunt- 
dependent hydrocephalus and 
therefore should not be routinely 
performed

Class III; Level of 
evidence B
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improve recruitment and utilization of blocked 
CSF resorption pathways in the arachnoid granu-
lations. Therefore, may decrease duration of 
EVD placement, risk of infection, and staying in 
critical care. The Barrow RCT propose that rapid 
weaning of EVD may reduce hospital and critical 
care staying without harmful effect on frequency 
of delayed cerebral ischemia or other adverse 
effects [40].

EVD drainage pressure can be gradually 
increased by 5  mmHg daily up to 20  mmHg 
and monitor amount of drained CSF, ICP, and 
neurological status. The neurosurgeon/inten-
sivist can clamp EVD for 24–48  h if EVD 
draining CSF less than 5 mL/h. They de-clamp 
the EVD only if the ICP is persistent at 
20  mmHg or greater for 5  min or enormous 
spikes in ICP are noticed. EVD removed if 
there is no increase in ICP or change in neuro-
logical status, it is recommended by some neu-
rosurgeons to have baseline CT head prior to 
start weaning EVD and do follow-up CT after 
clamping the drain [39].

Nevertheless, in spite simplicity and frequent 
insertion of EVD, there are concerns regarding 
number of serious complications such as infec-
tion, bleeding, and malposition. Infection rate of 
EVD ranges between 3 and 32%. Therefore, NCS 
recommends prophylactic antibiotics before 
insertion, use of antimicrobial-impregnated cath-
eter, avoidance of routine CSF sampling and 
obtaining of CSF for analysis only when clini-
cally indicated, as well as removal of EVD as 
early as clinical situation allows. Bleeding is 
another important complication of EVD inser-
tion. The incidence of bleeding varies widely in 
the literatures, rates have been reported to be as 
high as 41% or as low as 0%. NCS recommends 
correction of coagulopathy before EVD insertion 
unless it is dire emergencies necessitating prompt 
ventricular drainage. NCS advises using Kocher’s 
point as entry point in the skull, and direct the 
EVD vertical to the skull or pointing the contra-
lateral medical canthus in normal ventricular 
anatomy to afford the uppermost possibility of 
optimum EVD position. Advancement of EVD 

catheter more than 6.5  cm from skull surface 
should be avoided. Moreover, NCS suggests the 
use of image guidance if it is available for patients 
with small ventricle or distorted ventricular anat-
omy [40, 41].

Lumbar Drain
Lumbar drain is safe and simple bedside inter-
vention for patients with persistent communicat-
ing hydrocephalus after intraventricular 
hemorrhage (IVH), to avoid frequent replace-
ment of EVD, which is associated with the risk of 
ventriculitis, bleeding, subdural hematoma, 
repeated damage to brain tissue and repeated 
exposure to anesthesia. Moreover, lumbar drain 
extends duration of extracorporal CSF drainage 
with less side effects than EVD, therefore increas-
ing the chance of arachnoid recovery and re-start 
reabsorption of CSF, which may avoid ventricu-
loperitoneal shunt insertion. Small retrospective 
studies stated that, serial lumbar drainage of 
communicating hydrocephalus in patients with a 
SAH is safe. If obstructive hydrocephalus, supra-
tentorial mass, intraparenchymal hematoma are 
suspected, the risk of downward herniation is 
high and lumbar drain must be avoided. 
Obviously, lumbar drain should be avoided in 
coagulopathic patients [42].

Ventriculoperitoneal Shunt (VPS)
About 25% of patients may fail to be weaned 
from EVD after aSAH and would require cere-
brospinal fluid diversion to treat hydrocephalus, 
also sometimes after successful weaning and 
removal of the EVD, some patients developed 
delayed hydrocephalus which is slowly  developed 
up to 6  months after discharge. It is shunt- 
dependent hydrocephalus and treated with ven-
triculoperitoneal shunt. Regrettably, 
complications associated with VPS placement 
are quite common, and frequent shunt revision 
might be needed throughout a patient’s life. The 
most common complications are shunt malfunc-
tion secondary to shunt obstruction, infection, 
pseudocyst formation, and bowel perforation. 
Recently, several interventions have been intro-
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duced to reduce the rate of VPS complications, 
for example, better-quality sterile techniques, 
using antibiotic impregnated catheters, program-
mable valves. However, VPS malfunctions still a 
major issue which frequently causing frequent 
and costive hospital re-admission. Fenestration 
of the Lamina terminals has been proposed to 
decrease the occurrence of delayed hydrocepha-
lus, however, a meta-analysis of non-randomized 
studies, failed to show meaningful decrease in the 
incidence of shunt-dependent hydrocephalus in 
patients who had undergone fenestration of the 
lamina terminalis [10, 42].

10.2.1.4  Seizures
Seizure like movement is common after initial 
aneurysm rupture. It occurs in 26% of aSAH 
patients. However, it is still unclear whether it is 
real seizure or represents post-ictus posturing. 
Clinical seizures are rare, it occurs only in 1–7% 
of SAH patients. It is usually representing re- 
bleeding in patients with unsecured aneurysms. 
The majority of seizures manifest before medi-
cal care are accessed. The seizures incidence 
decrease dramatically after intervention. A sys-
temic review reported that the incidence of post- 
intervention seizures during staying in the 
hospital was only 2.3% (early seizures), while 
the incidence of late seizures (after discharge 
from the hospital) was only 5.5% with average 
latency of 7.45 months. Claassen et al. reported 
that 11% of aSAH patients had at least one sei-
zure in first year which may be secondary to 
gliosis and development of meningocerebral 
cicatrix [43, 44].

Furthermore, the incidence of late epilepsy 
post-SAH ranges between 3 and 35%. 
Nevertheless, it seems to be declining over the 
years which may be explained by improvements 
in the managing of aSAH patients. ISAT trial 
reported that late epilepsy was developed only in 
4% of SAH patients after 1  year of follow-up 
[45]. There are several risk factors that associate 
with development seizures in aSAH patients such 
as aneurysm in middle cerebral artery, thick sub-
arachnoid clot, surgical repair of cerebral aneu-

rysm in patients who are older than 65  years, 
history of seizure disorder, intracerebral hema-
toma, re-bleeding, cerebral infarction, and poor 
neurological grade [2, 5, 46, 47].

 Management
There is a debate about anticonvulsant prophy-
laxis, best anticonvulsant medications, and dura-
tion of anticonvulsant treatment in SAH patients. 
This was enlightened by the lack of randomized 
clinical trials or high-quality researches compre-
hending this issue. A Cochrane review 2013 nei-
ther support nor rebut the primary and secondary 
prevention treatment of seizures in 
aSAH. Furthermore, the prophylactic administra-
tion of anticonvulsant in aSAH diverges signifi-
cantly among clinicians from different countries 
[48].

Although multidisciplinary Consensus 
Conference of the Neurocritical Care Society 
(NCS) and American heart association/ American 
stroke association (AHA/ASA) published very 
important clinical recommendations (Table 10.6) 
none of these societies support or rebut one or 
another approach in managing seizures in SAH 
patients grounded on strong evidence [2, 10, 49]. 
Initially, it is essential to highlight that there is no 
general agreement on the primary or secondary 
anticonvulsant prophylaxis in SAH patients. 
Actually, recent studies reported routine use of 
anticonvulsants especially phenytoin in SAH was 
associated with worsening of the cognitive func-
tion, and increased in hospital complications. 
Hence, the decision of starting anticonvulsant 
prophylaxis still empirical than evidence-based 
[5, 46, 50].

NCS and AHA/ASA support consideration 
of routine short course of anticonvulsant pro-
phylaxis in immediate post-hemorrhagic 
period. However, AHA/ASA recommend con-
sideration of routine long-term anticonvulsant 
therapy for patients who have risk factors for 
delayed seizures such as MCA aneurysm, 
refractory hypertension, cerebral infarction, 
history of seizures, and intracerebral hematoma 
[10].
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10.2.2  Non-neurological 
Complications Associated 
with SAH

The high morbidity and mortality associated with 
SAH is not only due to neurological complica-
tions, non-neurological complications also play a 
major role in increasing mortality and morbidity 
rates. More than 80% will develop serious non- 
neurological complications which may increase 
the risk for secondary brain injury (Fig.  10.3) 
[51–53].

10.2.2.1  Cardiac Complications
Cardiac manifestations occur in about 50% of 
patients with aSAH; it ranges from mild eleva-
tion in cardiac enzymes and electrocardiogram 
(ECG) changes to obvious clinical and echocar-
diographic pathology. Cardiac damage markers 
are associated with an increased mortality and 
poor outcome and DCI [52].

 Pathophysiology

Mild Myocardial Injury
Mild myocardial injury occurs in 20–68% of 
patients with SAH.  The severity of neurological 
injury as scored by the Hunt–Hess scale is indepen-
dent predictor of myocardial injury. Mild increase 
in serum cardiac troponin I is considered as main 
manifestation of mild myocardia injury. Troponin I 
does not reach threshold of myocardial infarction.

It is a specific and sensitive indicator of myo-
cardial injury; thus, trend of serial troponin level 
should be monitored especially in patients with 
past history of cardiovascular disease. In addition, 
serum troponin is a strong predictor for cardiac, 
pulmonary, and neurological complication such 
as left ventricular dysfunction, requirement of 
vasopressor, pulmonary edema, DCI particularly 
in patients present with poor WFNS grades [52].

Cardiomyopathy
Neurogenic stunned myocardium (NSM) is the 
severest form of myocardial injury following 

Table 10.6 Management of seizures after SAH according to the Neurocritical Care Society (NCS) recommendations 
and the AHA/ASA guideline [46]

NCS recommendations 2011 AHA/ASA guidelines 2012
1. Routine use of anticonvulsant prophylaxis with 
phenytoin is not recommended after SAH (low-quality 
evidence—Strong recommendation)
2. Routine use of other anticonvulsants for prophylaxis 
may be considered (very low-quality evidence—weak 
recommendation)

1. The use of prophylactic anticonvulsants may be 
considered in the immediate post-hemorrhagic period 
(Class IIb; Level of evidence B)

3. If anticonvulsant prophylaxis is used, a short course 
(3–7 days) is recommended (low-quality evidence—
weak recommendation)
4. In patients who suffer a seizure after presentation, 
anticonvulsants should be continued for a duration 
defined by local practice (low-quality evidence—weak 
recommendation)

2. The routine long-term use of anticonvulsants is not 
recommended (Class III; Level of evidence B), but may 
be considered for patients with known risk factors for 
delayed seizure disorder, such as prior seizure, 
intracerebral hematoma, intractable hypertension, 
infarction, or aneurysm at the middle cerebral artery 
(Class IIb; Level of evidence B)

5. Continuous EEG monitoring should be considered 
in patients with poor-grade SAH who fail to improve 
or who have neurological deterioration of 
undetermined etiology (low-quality evidence—Strong 
recommendation)
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SAH. The incidence of NSM ranges between 20 
and 30% of SAH patients. The increase of sym-
pathetic tone after acute insult leads to transient 
calcium overload with reduction in response of 
myocardial filaments to calcium, eventually lead-
ing to myocardial depression. The theoretical 
role of oxygen-derived free radicals also has been 
described in the pathophysiology of NSM. 
Furthermore, the specific histopathological fea-
ture of NSM is charecterized by subendocardial 
band necrosis. Predictors of left ventricular dys-
function are CK-MB, female gender, and poor 
neurological grade.

Clinically, NSM is characterised by severe yet 
reversible impairment of the left ventricle (LV) 
function. Echocardiography shows a decrease 
of  LV contractility and regional wall motion 

abnormality. Although, NSM is reversible, full 
recovery of myocardial function may take several 
weeks. The impairment of left ventricular func-
tion may severely compromise the cardiac out-
put, causing cardiogenic shock which may 
decrease cerebral blood flow (CBF) and worsen 
cerebral vasospasm and DCI. Thus, cardiac out-
put monitoring and optimization of myocardial 
function is extremely important in patients with 
SAH. Inodilators such as dobutamine and milri-
none may be considered to optimize myocardial 
function. However, the inodilators may cause 
peripheral vasodilatation, leading to decrease in 
mean arterial blood pressure and cerebral perfu-
sion; therefore, advanced cardiac output monitor-
ing should be used to titrate the Inodilators. In 
critical cases where cardiac output severely 
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Fig. 10.3 Non-CNS complications of aSAH [53]. (This Figure distributed under the Creative Commons Attribution 
License)
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reduced and refractory to inodilators, intra-aortic 
balloon pump should be considered [52].

Arrhythmia
ECG changes are commonly observed in SAH 
patients, particularly in the first 3 days post-ictus, 
nearly 50–100% of SAH patients show different 
forms of arrhythmia such as ST segments 
changes, T wave changes, QTc prolongation, and 
Prominent U wave (Table  10.7). Malignant 
arrhythmias such as ventricular tachycardia (VT), 
torsade de pointe, and asystole are observed only 
in 4–8% of SAH patients [52]. These arrhythmias 
are commonly observed in patients with severe 
neurological insults, nevertheless they are not 
independent predictors of mortality. Sakr et  al. 
reported that repolarization abnormalities are the 
commonest form of ECG changes in patients 
with acute subarachnoid hemorrhage, ST depres-
sion was associated with Hunt–Hess grading 
scale, WFNS score, and Acute Physiology and 
Chronic Health Evaluation II score (APACHE II 
score), but was not associated with cerebral vaso-
spasm or increase in ICP. In addition, it was com-
monly observed in patients who had poor 
outcome. However, ECG changes were not inde-
pendently predictor of poor outcome [54, 55].

Severity of neurological injury, elderly, and 
history of arrhythmia are predictors for develop-
ment of arrhythmia in SAH patients. 
Pathophysiology of ECG changes following 
SAH is poorly understood, SAH may damage 
paraventricular nuclei of hypothalamus, leading 
to activation of sympathetic outflow through the 
rostral ventrolateral medulla, and induce arrhyth-
mia, ECG changes and myocardial necrosis. 

Furthermore, electrolyte disturbance especially 
hypokalemia may contribute in development 
ECG changes [57].

Management of arrhythmia following SAH 
depends on type of arrhythmia, clinical signifi-
cance, and patient condition. Treating physician 
should correct electrolyte and metabolic abnor-
malities. Optimization of the oxygenation is 
extremely important to prevent malignant 
arrhythmia. Treatment of tachyarrhythmia with 
beta-blockers should be balanced against hypo-
tension and decrease of CBF [10].

10.2.2.2  Electrolyte Disturbances
Electrolyte disturbances are commonly observed 
in patients with aneurysmal subarachnoid hemor-
rhage which can have an impact on the prognosis 
of these groups of patients. They include hypona-
tremia, hypernatremia, hypokalemia, hypocalce-
mia, and hypomagnesaemia. Hyponatremia is 
commonest electrolyte disturbance following 
SAH.

10.2.2.3  Hyponatremia
Hyponatremia is defined as serum sodium concen-
tration less than 135mml/L. Clinically significant 
hyponatremia is defined as serum sodium concen-
tration less than 131 mmol/L. Hyponatremia is 
considered as the commonest electrolyte distur-
bance  associated with aneurysmal SAH. The inci-
dence of hyponatremia ranges between 30 and 
56%, frequently reported following rupture of 
anterior communicating artery (AComA). It was 
reported in 52.4% of SAH patients with AComA; 
most probably secondary to disturbance of blood 
supply to the hypothalamus which is supplied by 
branch from AComA [58–60].

The most common cause of hyponatremia fol-
lowing SAH is the syndrome of inappropriate 
anti-diuretic hormone secretion (SIADH); hypo-
thalamic ischemic insults following aSAH sec-
ondary to cerebral vasospasm leads to excessive 
secretion of antidiuretic hormone which increases 
water reabsorption in distal convoluted tubules of 
the kidney, causing fluid retention, increase blood 
volume and dilutional hyponatremia [61]. The 
second important cause of hyponatremia is cere-
bral salt wasting syndrome (CSW), increase uri-

Table 10.7 ECG changes after subarachnoid hemor-
rhage [56]

ECG abnormality Recorded incidence (%)
ST-segment alterations 15–51
T wave changes 12–92
Prominent U waves 4–47
QT prolongation 11–66
Conduction abnormalities 7.5
Sinus bradycardia 16
Sinus tachycardia 8.5
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nary excretion of sodium and urine output due to 
abnormal release of atrial and brain natriuretic 
hormone, leading to decrease of extracellular and 
circulating blood volume which leading to 
increase secretion of antidiuretic hormone 
(ADH), aldosterone and renin and decrease 
release of atrial/brain natriuretic peptide to 
restore plasma volume.

Kao et al. stated that SIADH was responsible 
on 34.5% of severe hyponatremia. While, CSW 
was responsible on only 23% of hyponatremia in 
SAH patients. Noteworthy, the inclusion criteria 
were a serum sodium less than 130 mmol/L. Thus, 
the patients included in this trial had more signifi-
cant hyponatremia than in the comparative stud-
ies [62, 63].

Irrespective of the pathophysiology, hypona-
tremia is an independent jeopardy of high mortal-
ity and morbidity. Hyponatremia in aSAH is 
associated with long hospital stay, cerebral vaso-
spasm, and poor outcome; hyponatremia shifts 
water from extracellular compartment to intracel-
lular compartment leading to worsening of brain 
edema and ICP in SAH patients. Furthermore, 
hyponatremia increases jeopardy of seizures and 
neurological injury. Therefore, prompt diagnosis 
and appropriate management are extremely 
important to improve the outcome [59, 64, 65]. 
However, the proper treatment of hyponatremic 
SAH patients requires resolving the diagnostic 
and therapeutic dilemma of determining whether 
to restrict water in patients with SIADH or 
administer sodium and water in patients with 
CSWS [63].

Clinically it is very difficult to differentiate 
between SIADH and CSW syndrom due to sig-
nificant overlapping clinical findings between 
both syndrome: both syndromes follow brain 
insults, have normal thyroid, adrenal and kidney 
function. Furthermore, in both syndromes, 
patients have hyponatremia, hypouricemic and 
concentrated urine, elevated urinary sodium 
>40  mmol/L, and high fractional excretion of 
urate (FE urate). Status of the extracellular vol-
ume (ECV) is the only clinical difference 
between both syndromes; patients are hypervol-
emic or euvolemic in SIADH and hypovolemic 
in CSWS (Table  10.8). However, accurate 

assessment of ECV clinically is extremely diffi-
cult [63].

Determination FE urate is very useful to distin-
guish between SIADH and CSW syndrome, nor-
mal FE urate ranges between 4 and 11%, increased 
to more than 11% in both syndromes, correction 
hyponatremia will normalize FE urate (4–11%) in 
patients with SIADH, but it persists more than 
11% after correction the hyponatremia in patients 
with CSWS (Fig. 10.4). This algorithm eradicates 
the requirement of volume status assessment, ter-
minate the need of determination of urine sodium 
concentration, plasma renin, aldosterone, blood 
urea nitrogen to creatinine ratio, and atrial / brain 
natriuretic peptide. The main limitation of this 
algorithm that it is not reliable in patients with 
reduced glomerular filtration rate (GFR) as FE 
urate may exceed the normal value [63].

Another important cause of hyponatremia 
such as acute cortisol insufficiency, diuretics, and 
fluid therapy should be considered during assess-

Table 10.8 Difference between SIADH and CSWS 
(This table is distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.
org/licenses/by/3.0) [66]

SIADH CSWS
Plasma 
volume

↑ or ↔ ↓↓

Water 
balance

↑ or ↔ Negative

Signs and 
symptoms of 
dehydration

Absent Present

Central 
venous 
pressure

↑ or ↔ ↓↓

Salt balance Variable Negative
Hematocrit ↔ ↑ or ↔
Serum 
osmolality

↓↓ ↓↓

Urine sodium ↑ ↑↑
Urine volume ↓or ↔ ↑↑
Plasma BUN/
creatinine

↓↓ ↑ or ↔

Treatment Fluid restriction, 
hypertonic 
saline, 
furosemide, 
Democycline

Normal saline, 
hypertonic saline, 
Fludrecortisone
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ment and management of hyponatremia. Klose 
et al. and Parenti et al. reported that the incidence 
of cortisol deficiency in SAH patients ranges 
between 7.1 and 12% at presentation [67, 68].

Treatment of Hyponatremia
Determination of the etiology of hyponatremia 
by proper clinical assessment, biochemical hor-
monal, and urinary investigations is mandatory to 
guarantee well-timed and effective management 
of hyponatremia.

All subarachnoid hemorrhage patients should 
be closely monitored for signs and symptoms of 
cerebral vasospasm, DCI, as well as daily fluid 
and electrolyte balance for at least 2–3  weeks 
post-insult in neurosurgery high-dependent unit, 
which may help treating doctors in early detec-
tion and immediate management of hyponatre-
mia or other electrolyte disturbances. Bedside 
sodium and fluid balance assessment is best eco-
nomical and valuable approach for avoiding 
hyponatremia in patients with SAH.  Sodium 
level should be immediately checked if there are 
fluctuations in the mental status, significant 
changes of the fluid balance due to polyuria [59].

Generally, patients with SAH should be main-
tained on balanced crystalloid or sodium 
chloride- based fluids (i.e., 0.9% normal saline) at 

rate 3 L/day, infusion rate should be adjusted for 
oral intake, glucose containing solution and 
hypotonic fluid should be avoided to prevent 
cerebral edema due to fluid shifts across a dam-
aged blood–brain barrier.

Neurocritical care society recommend that 
fluid restriction to treat hyponatremia should be 
avoided to prevent cerebral vasospasm. However, 
large volume of free water intake should be 
avoided. Furthermore, AHA recommend isotonic 
solution to treat hypovolemia (Class IIa, Level B 
evidence), and that avoiding of large volumes of 
hypotonic solutions in patients with 
SAH. Balanced solutions in the early SAH period 
may prevent electrolyte imbalance associated 
with saline-based intravenous fluids, such as 
hyperchloremia, hyperosmolality, and extreme 
positive fluid balances [49, 59].

Fluid restriction to less than 500 mL/day is 
considered as treatment of choice of 
SIADH.  Unfortunately, it is not feasible in 
patients with SAH due to risk of cerebral vaso-
spasm and DCI.  In addition, most of these 
patients are unconscious on enteral feeding, 
subsequently daily fluid intake ranges between 
1 and 2 L. Administration of hypertonic saline 
(2–3%) or albumin may be considered when 
fluid restriction is required. However, it may 

Hyponatremia

FE urate

4-11%<4%

1-Volume depletion
2-Addison’s disease
3-Edematous status

I. CHF
II. Cirrhosis

III. Nephrotic syndrome.

FE>11%

Normonatremia

Normonatremia

FE urate <11% FE urate <11%

SIADH
CSW syndrome

1. Psychogenic polydipsia
2. Reset osmostate

Fig. 10.4 Algorithm for determining cause of hyponatremia, using FE urate. (This figure distributed under the terms 
and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/) [63])
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increase risk of pulmonary edema, especially in 
patients with impaired cardiac function. 
Hypertonic saline may rapidly correct hypona-
tremia resulting in central myelinolysis. 
Therefore, sodium level should be checked 
four  hourly if patient is receiving hypertonic 
saline [59].

Fludrocortisone may be considered to treat 
hyponatremia due to CSWS, but there is no 
strong evidence support its effectiveness and it is 
associated with fluid overload [59].

Conivaptan (Vasopressin receptor antago-
nists) have been investigated in small studies, it 
increases rapidly sodium level rapidly. 
Therefore, it is not recommended to treat hypo-
natremia [69].

Steroids may be considered to treat acute cor-
tisol deficiency; however, the beneficial effect of 
steroid is indeterminate. Further studies are 
required to support using steroid in patients with 
SAH especially steroid may increase risk of 
hyperglycemia which associated with poor out-
come [70].

10.2.2.4  Hyperglycemia
Hyperglycemia is a serious medical complication 
of aSAH.  It is usually recognized during initial 
assessment of SAH patients. It affects one third 
of aSAH patients. Admission hyperglycemia is 
associated with poor clinical grade of 
SAH.  Hyperglycemia is associated with vaso-
spasm, long stay in critical care, and poor out-
come. Blood glucose of 220 mg/dL is associated 
with amplified infection jeopardy. However, con-
tinuous insulin infusion for tight glucose control 
(80–110 mg/dL) may place patients at danger of 
hypoglycemia, vasospasm, cerebral infarction, 
and poor outcome even if sever hypoglycemia 
does not happen. Schlenk et al. reported that tight 
glucose control with insulin infusion induced 
cerebral hypoglycemia and cerebral metabolic 
stress in SAH patients despite absence of sys-
temic hypoglycemia. Pasternak et  al., reported 
that targeting glucose between 80 and 140 mg/dL 
was associated with improved outcomes [2, 
71–73].

10.2.2.5  Fever
Fever is one of the common medical complica-
tions of aSAH which affects 41–72% of aSAH 
patients. It is commonly reported in patients who 
present with intraventricular hemorrhage (IVH) 
and poor Hunt–Hess grade which considered as 
strongest predictors of fever in aSAH patients. It 
is most likely secondary to the inflammatory 
response to extravasated blood in subarachnoid 
space. However, infectious causes must be 
excluded. Fever is associated with cerebral infarc-
tion poor outcome of aSAH patients. There are 
neither randomized controlled trials on the role of 
cooling in SAH patients nor studies that have 
proofed that treatment of fever has beneficial 
effect on outcome of aSAH patients. There are 
pharmacological and non-pharmacological tech-
niques to treat fever in SAH patients. Paracetamol 
is commonly used to treat fever in aSAH patients. 
However, it is not very effective, it is normalizing 
the temperature only in minority of patients. 
NSAID such as Ibuprofen has been used to treat 
fever in SAH, also it has limited effect in manage-
ment of fever in aSAH patients. Moreover, it may 
interfere with normal blood clotting. Non-
pharmacological techniques include evaporative 
cooling, ice packs, and cooling blanket. 
Aggressive cooling may cause shivering which 
leads to increase oxygen consumption, carbon 
dioxide production, marked increase in resting 
energy expenditure and reduction in in brain oxy-
gen tension.  Several measures have been intro-
duced to reduce shivering. This includes counter 
warming of extremities as well as medications 
such as magnesium, buspirone, meperidine, pro-
pofol and other sedatives [2, 13, 74–76].

10.2.2.6  Anemia
Anemia is a common medical complication of 
aSAH.  It affects about 50% of SAH and develops 
within 3–4 days after SAH. Generally, hemoglobin 
concentrations drops 3  g/dL following 
aSAH. Normally, cerebral oxygen delivery exceeds 
metabolic demands. This affords oxygen store, hence 
any drop in cerebral blood flow and oxygen delivery 
compensated by increase in oxygen extraction.
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Cerebral oxygen delivery is determined by- 
product of cerebral blood flow and arterial oxy-
gen contents which is directly associated with 
hemoglobin concentration. Therefore, CBF rises 
significantly in anemic patients to maintain oxy-
gen delivery. This compensation mechanism 
exhausts in severely anemic patients and the oxy-
gen delivery significantly compromised leading 
to worsening in the outcome. Although, optimal 
hemoglobin concentration in SAH patients 
remains uncertain, anemia correction improves 
outcome in SAH patients. Dhar et al. stated that 
raising hemoglobin concentration from 8 to 10 
was associated with improvement in cerebral 
oxygen delivery. There are no evidences that 
address beneficial role of higher hemoglobin 
(more than 10 g/dL) on cerebral oxygen delivery. 
Generally, blood transfusion is associated with 
serious complication such as immunosuppres-
sion, infection, fever, volume overload, pneumo-
nia, and electrolyte disturbance. Hence, the risk 
of blood transfusion must be considered in aSAH 
patients. Current guidance recommends to keep 
hemoglobin concentration between 8 and 10  g/
dL [2, 77–79].

10.2.2.7  Deep Venous Thrombosis 
(DVT)

Deep venous thrombosis is a serious medical 
complication of aSAH.  Significant medical 
comorbidities, surgical interventions, pro-
longed mechanical ventilation as well as immo-
bilization in the critical care department render 
aSAH patients exceptionally vulnerable to 
DVTs. The rate of DVTs in aSAH patients 
ranges between 1.5 and 18%. Early mobiliza-
tion and DVT prophylaxis are the most impor-
tant intervention to prevent and reduce the 
incidence of DVTs [80].

There are two types of DVT prophylaxis in a 
SAH, mechanical DVT prophylaxis such as pneu-
matic stocking and sequential compression 
devices, and pharmacological DVT prophylaxis 
which include heparin (unfractionated and low 
molecular weight heparin LMWH). Collen et al. 
(Meta-analysis) reported that intermittent pneu-
matic compression (IPC), unfractionated heparin, 
and LMWH were equally effective in prevention 

DVTs. Moreover, there was an increase in the rate 
of ICH with LMWH with no overall influence on 
the outcome. Therefore, mechanical prophylaxis 
is safest DVT prophylaxis approach, especially 
before securing the aneurysm and when the risk 
of re-bleeding is high [2].

Lacut et al. stated that a combination of stock-
ings and IPC was superior to stocking alone in 
prevention of DVT in stroke patients. The start-
ing time of pharmacological prophylaxis in SAH 
patients is controversial, but ideally should be 
started after securing the aneurysm and contin-
ued till the patients pass the risk of developing 
DVTs [2, 5, 81].

10.2.2.8  Heparin-Induced 
Thrombocytopenia (HIT)

SAH patients are at high risk of developing HIT 
due to number of angiographic procedures per-
formed and frequent exposure to unfractionated 
heparin. It occurs in 5% of SAH patients. HIT is 
associated with high rates of thrombotic compli-
cation, DCI, high mortality, and poor outcomes. 
It is vital to recognize this complication to  prevent 
further exposure to heparin and to use another 
DVT prophylaxis [10].

10.3  Conclusion

Complications of aneurysmal subarachnoid hem-
orrhages are significant determinants in the prog-
nosis of patients who have suffered a ruptured 
aneurysm. At the early phase, re-bleeding consti-
tutes the most severe complication and necessi-
tates immediate intervention. Cerebrospinal fluid 
diversion, usually in the form of an extraventricu-
lar drain (EVD), should be considered if acute 
hydrocephalus develops. Delayed cerebral isch-
emia (DCI) and Vasospasm commonly evolve 
from day three to the end of the third week. Cases 
at high risk of developing DCI should be fol-
lowed closely with bedside transcranial Doppler 
ultrasonography. Clinically suspected cases of 
DCI require immediate perfusion-weighted 
imaging. Because of the recurrence risk of the re- 
bleeding from recurrence of the aneurysm, all 
patients should be followed up.
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Medical complications after ruptured cerebral 
aneurysm, such as cardiomyopathy, arrhythmias, 
electrolyte disturbances, etc., are potentially pre-
ventable but may add to patients’ total mortality 
rate if not addressed and it may lead to an unwar-
ranted increase in an intensive care unit (ICU) 
and hospital stay.
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11.1  Introduction

Headache is the chief complaint of patients who 
develop ruptured aneurysmal subarachnoid hem-
orrhage (SAH) and is the most common reason 
for visiting the emergency department for these 
patients [1]. Headache secondary to aneurysmal 
SAH usually starts as thunderclap which is severe 
in nature and sudden in onset [2]; patients 
describe the headache as the worst headache have 
ever experienced.

Headache post-aneurysmal SAH reaches its 
maximum intensity in minutes after a spontane-
ous bleed, and it may last for days or even weeks. 
Patients who develop cerebral vasospasms have 
higher pain score than patients without vaso-
spasm [3]. In general, the pain severity correlates 
non-linearly with Hunt and Hess grade and cor-
relates linearly with Hijdra score [4]. For more 
details please refer to Chap. 6. SAH in younger 
age and patients with high Hijdra score tend to be 
associated with severe headache [4].

SAH headache may be associated with one or 
more sign and symptom. Nausea and or vomiting 
was reported in around 70% of patients, loss of 
consciousness was reported in around half of the 
patients. Other signs and symptoms associated 
with SAH headache, as photophobia, neck rigid-
ity, and focal neurological deficit [5].

11.2  Pathophysiology 
of Headache 
in Aneurysmal SAH

The exact etiology behind SAH headache is not 
entirely understood. Many theories have been 
postulated over the three last decades. The most 
held up mechanism proposes that the headache is 
primarily due to the chemical irritation of the 
blood products on the brain meninges. Once the 
aneurysm ruptures, the blood extravasates from 
the blood vessels to the subarachnoid space caus-
ing a sharp rise in intracranial pressure (ICP) 
which leads to the feeling of sudden intolerable 
pain. The presence of blood in the subarachnoid 
space causes chemical irritation and subsequent 
inflammation that thought to contribute to the 
pathophysiology of pain [6, 7].

Vasospasm is associated with increasing inten-
sity of headache secondary to decrease in cerebral 
perfusion which considered as one of the most 
important mechanisms of severe headache in 
SAH patients [8]. The decrease in brain perfusion 
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is due to the endothelial damage that interferes 
with the nitric oxide production leading to vaso-
constriction. Additionally, the excessive release of 
endothelin the potent vasoconstrictor plays a role 
in the induction of vasospasm and subsequently a 
decrease in cerebral perfusion [9, 10].

Another postulated factor is hyperalgesia 
caused by central sensitization by 
 N-methyl-d- aspartate (NMDA) receptors. After 
SAH, activation of NMDA receptors facilitates 
pain transmission in the central nervous system, 
which can lead to hyperalgesia [11].

11.3  Pain Severity Evaluation 
in SAH

Pain should be routinely assessed as part of inten-
sive care unit  patient daily care [12]. Routine 
pain assessment was associated with a decrease 
in intensive care unit days, mechanical ventilator 
days, and a decrease in consumption of opioids 
and sedative agents in critically ill patients [13].

There is no specific tool or scale recom-
mended to evaluate the severity of SAH head-
ache. However self-reporting scales are the best 
method to assess pain in awake patients [12]. 
Among SAH patients whom could verbalized, 
0–10 Numerical Rating Score (NRS) either ver-
bally or visually should be used to assess the pain 
severity. In which 0 reflects no pain and 10 
reflects the worst pain the patient could 
experience.

It is always difficult to assess pain in non- 
verbalized patients. The society of critical care 
medicine (SCCM) recommends two validated 
tools to assess pain in non-verbalized patients 
with a condition that they should have an intact 
motor function. The Critical-Care Pain 
Observation Tool (CPOT) and the Behavioral 
Pain Scale in intubated (BPS) are the most vali-
dated tools to evaluate pain in Medical, Surgical, 
and traumatic non-verbalizing patients critically 
ill patients [12, 14, 15]. Additionally, CPOT and 
BPS were studied in neurosurgical patients with 
different brain injuries; SAH, traumatic brain 
injury, tumor, intracranial hemorrhage, and isch-
emic stroke [16–19]. A COPT score cutoff of 3 or 

more and BPS more than 5 associated with a sig-
nificant pain (Tables 11.1, and 11.2, respectively). 
Although nothing of these tools were extensively 
studied in SAH patient, clinicians may consider 
using these tools to monitor pain in non- 
verbalizing SAH patients.

11.4  Management of Headache 
in SAH

SAH-induced headache is difficult to be controlled 
and usually needs a combination between opioids 
and non-opioids analgesia for better pain control 
[4, 20]. Many clinicians still believe that pain man-
agement is still suboptimum in most of the centers. 
The complexity of SAH headache management 
came from the severity of headache and the worry 
of giving high drug doses that may mask the neu-
rological deterioration of these patients. In fact, 
the available evidence for managing headache 
post-SAH is lacking, and the majority of the avail-
able evidence especially for opioids derived from 
post craniotomy pain control studies.

11.4.1  Pharmacological

11.4.1.1  Opioids
According to the World and Health Organization 
guidelines for pain management, opioids are con-
sidered a cornerstone for treating moderate to 
severe pain [21]. The cutoffs of moderate and 
severe pain were not mentioned clearly in the 
guidelines; some studies define the cutoffs of 
moderate and severe pain based on the numerical 
rating score (NRS) to be 4–6/10 and ≥7/10, 
respectively [22–24].

Morphine, codeine, and tramadol are the most 
studied opioids for post-craniotomy pain manage-
ment [25]. Morphine is an opioid with high affin-
ity for mu receptors and is considered one of the 
most effective opioids. Cumulative evidence has 
shown that morphine has better pain control when 
compared to codeine [26, 27]. The fear of masking 
the neurological deterioration post- craniotomy 
secondary to excessive sedation was usually asso-
ciated with the use of potent opioids like morphine 

H. A. Mitwally and S. M. G. Ahmed



169

or fentanyl; however, trials showed no difference 
between morphine and codeine with regard to 
sedation, respiratory depression or cardiovascular 
outcomes [27, 28]. Tramadol is a weak mu-opioid 
receptor agonist. Intravenous tramadol may be as 
effective as morphine in controlling pain post- 
craniotomy; however, it showed more incidences 
of nausea and vomiting [29–31]. Vomiting is a sig-
nificant concern in SAH patients as it may cause a 
sharp increase in ICP, which may worsen the neu-
rological injury. Dihydrocodeine, another opioid 
frequently used in neurosurgical cases and incor-
porated in some hospital protocol [32], although it 
is reported to be inadequate in pain control [33]. 
Dihydrocodeine should be avoided in patients 
with severely impaired renal (Creatine clearance 
<10 mL/min) or hepatic functions.

Fentanyl could be considered a reasonable alter-
native to morphine as it also has a high affinity to 
mu receptors, quick onset of action, and accepted 
safety profile. Administration of opioids through 

Table 11.1 Critical-Care Pain Observation Tool (CPOT)

Indicator Description Score
Facial expression No muscular tension observed Relaxed, neutral 0

Presence of frowning, brow lowering, orbit 
tightening, and levator contraction

Tense 1

All of the above facial movements plus eyelids 
tightly closed

Grimacing 2

Body movement Does not move at all (does not necessarily mean 
absence of pain)

Absence of movement 0

Slow, cautious movements; touching or rubbing the 
pain site; seeking attention through movements

Protection 1

Pulling tube, trying to sit up, moving limbs/
thrashing, not following commands, striking at staff, 
trying to climb out of bed

Restlessness 2

Muscle tension
Evaluation by passive 
flexion and extension of 
upper extremities

No resistance to passive movements Relaxed 0
Resistance to passive movements Tense, rigid 1
Strong resistance to passive movements, inability to 
complete them

Very tense or rigid 2

Compliance with the 
ventilator (intubated 
patients)

Alarms not activated, easy ventilation Tolerating ventilator or 
movement

0

Alarms stop spontaneously Coughing but tolerating 1
Asynchrony: Blocking ventilation, alarms often 
activated

Fighting ventilator 2

Or vocalization 
(extubated patients)

Talking in normal tone or no sound Talking in normal tone 
or no sound

0

Sighing, moaning Sighing, moaning 1
Crying out, sobbing Crying out, sobbing 2

Total, range 0–8

A CPOT score ≥3 indicates significant pain

Table 11.2 Behavioral Pain Scale (BPS)

Indicator Description Score
Facial expression Relaxed 1

Partly tightened (e.g., brow 
lowering)

2

Fully tightened (e.g., eyelid 
closing)

3

Grimacing 4
Upper limbs No movement 1

Partly bent 2
Fully bent with finger 
flexion

3

Permanently retracted 4
Compliance with 
ventilation

Tolerating movement 1
Coughing but tolerating 
ventilation most of the time

2

Fighting ventilator 3
Unable to control 
ventilation

4

A BPS score >5 indicates significant pain
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a patient-controlled analgesia could be considered 
for conscious patients and may offer more patient 
convenience [34]. Fentanyl is may be preferred 
than morphine for patient-controlled analgesia, as 
morphine may be associated with more sedative 
effect when compared to fentanyl [35]. These find-
ings may mask the neurological deterioration in 
SAH patients, especially in hepatic, renal impair-
ment, and elderly patients. Moreover, continuous 
infusion of fentanyl is favorable than morphine In 
intubated patients, as morphine has two active 
metabolites; morphine- 3- glucuronide and mor-
phine-6-glucuronide [36], which upon accumula-
tion might cause seizures, respiratory depression, 
and excessive sedation, especially in patients with 
renal impairment [37, 38].

Remifentanil is a short-acting mu-receptor opi-
oid agonist. Because of its unique metabolism and 
clearance, remifentanil represents a new pharma-
cokinetic opioid class. Remifentanil context half-
life (defined as; time required by continuous 
infusion drug plasma concentration to reach to 
50% after being at steady state) was significantly 
less when compared to fentanyl [39]. Although 
being short acting is an advantage in various types 
of brain injuries as it allows early neurological 
assessment [40], it may be a disadvantage as it 

may lead to tolerance and hyperalgesia which sub-
sequently increase opioids requirements; espe-
cially in patients who require prolonged 
remifentanil infusion [41]. Beside increasing tol-
erance possibility, remifentanil had conflicting 
efficacy data as analgesic when compared to other 
opioids or opioid sparing drugs which considered 
main concern in this context [39, 40, 42].

In general, using the least effective doses for 
opioids based on a valid pain assessment scores 
should be considered to avoid adverse drug reac-
tions associated with opioids; as over sedation, 
hypotension, constipations, nausea, and vomit-
ing. For opioids doses range; please refer to 
(Table 11.3) [43].

11.4.1.2  Non-opioids Therapy

Paracetamol
Intravenous Paracetamol is considered a safe 
analgesic with a degree of opioids sparing effect; 
it is found to decrease the opioids consumption 
postoperatively [44]. Paracetamol could be 
regarded as only as add on therapy to opioids as 
paracetamol monotherapy showed to be inferior 
to the combination of paracetamol and opioids 
[45, 46].

Table 11.3 Opioids dose 
ranges

Drug Route Dose range
Morphinea Patient-controlled 

analgesia
– 0.5–2 mg
– Lock time: 5–10 min
– Maximum 30 mg in 4-h period

Intermittent IV boluses 1–4 mg every 1–4 h as needed, up to 
10 mg every 4 h as needed.

Oral 10–20 mg every 4–6 h
Fentanyl Continuous IV infusion 0.7–7μg/kg/h

Patient-controlled 
analgesia

– 5–20μg
– Lock time 5–10 min
– Maximum 300μg within 4-h period

Intermittent IV boluses – Loading 25–100μg
– Maintenance 25–50μg every 
30–60 min

Remifentanil Continuous IV infusion 0.05–0.25μg/kg/min
Dihydrocodeine Oral 30 mg every 4–6 h

 IV intravenous
aAvoid giving morphine as continues infusion in SAH. Morphine patient-controlled anal-
gesia may be associated with more sedation when compared to fentanyl. Avoid morphine 
in renal, hepatic insufficiency, and elderly patients
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Non-steroidal Anti-inflammatory Drugs 
(NSAIDs)
Besides its analgesic property, NSAIDs showed 
some beneficial outcome on ameliorating inflam-
matory response after aneurysmal SAH secondary 
to its anti-inflammatory effect [47]. Additionally, 
NSAIDs has an opioid sparing effect with no 
effect on neurological assessment. The use of 
NSAIDs post-aneurysmal SAH is limited because 
of its platelets inhibitory effect and suspicion of 
impacting homeostasis [48], especially in non-
secured aneurysm, when risk of rebleeding is very 
high. Other side effects include interstitial nephri-
tis, gastritis, gastro-intestinal bleeding, and cardio-
vascular complications [49, 50].

Dexmedetomidine
Dexmedetomidine is a selective α-2 agonist with 
sedation and analgesia properties, the mechanism 
of dexmedetomidine analgesic effect was thought 
to be through hyperpolarization of noradrenergic 
neurons, which suppresses neuronal firing in the 
locus coeruleus [51]. Dexmedetomidine showed 
a decrease in both pain scores and opioids 
requirements post-craniotomy [52–54]. Its light 
sedation property makes dexmedetomidine a 
desirable option for SAH intubated patients. Start 
by 0.2μg/kg/h and titrate up to 0.7μg/kg/h, doses 
up to 1.4μg/kg/h were used in clinical trials in 
mechanically intubated patients [55]. Monitoring 
for bradycardia and hypotension is vital while the 
patient is on dexmedetomidine [51]. Dose reduc-
tion needs to be considered in elderly and hepatic 
impairment patients [43].

Pregabalin
Although Pregabalin is a structural derivative of 
the inhibitory neurotransmitter GABA, it does 
not bind to GABA.  Pregabalin reduces the 
release of neurotransmitters as glutamate and 
substance P by its presynaptic binding to α-2-
delta subunit of the voltage-gated calcium chan-
nels within the central nervous system. This 
reduce in excitatory neurotransmitters may be 
the reason for anticonvulsant and analgesic 
effect of pregabalin [56].

A recent small well-designed randomized con-
trol trial evaluated the effect of pregabalin on peri-
operative headache in patients with aneurysmal 
subarachnoid hemorrhage. The use of pregabalin 
75 mg twice daily perioperatively was associated 
with significant decrease in opioid and anesthetic 
requirements without increase in sedation [57]. 
Although larger trials need to be conducted to con-
firm these findings, pregabalin could be consider 
as an adjunctive therapy in controlling periopera-
tive headache in SAH patients. Pregabalin in gen-
eral in well tolerated, although it is renally 
eliminated and dose should be adjusted based on 
the patient creatinine clearance to avoid drug accu-
mulation which may affect neurological status.

Gabapentin
Gabapentin is structurally related to (Gamma- 
Aminobutyric Acid) GABA, it has a high affinity 
towards voltage-gated calcium channels located 
pre-synaptically, and may modulate the release of 
excitatory neurotransmitters [58]. Gabapentin 
showed to decrease opioids consumption in post- 
craniotomy patient, although it causes more seda-
tion and delay in extubation [59]. Limited evidence 
supporting the use of gabapentin in treating aneu-
rysmal SAH headache, gabapentin showed to 
decrease the requirements of opioids in a small 
retrospective study [60]. The mechanism of action 
is that aneurysmal SAH headache may be neuro-
pathic, as the meninges are innervated by the ante-
rior and posterior ethmoidal nerves, the tentorial 
nerve (a branch of the ophthalmic nerve), and the 
maxillary division of the trigeminal nerve [60].

Ketamine
Some evidence suggested that ketamine may 
decrease ICP, opioids requirements, and delayed 
cerebral ischemia (DCI)-associated cerebral 
infarctions [61]. Prospective clinical trials need 
to be conducted before generalizing the use of 
ketamine in SAH patients.

Magnesium
Magnesium could be used as adjunctive therapy 
to opioids and non-opioids pain medications to 
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decrease the intensity of pain or decrease the 
need for opioids. Patients with high magnesium 
levels (magnesium >1.0  mmol/L) had a lower 
pain scores when compared to patients with nor-
mal magnesium levels (magnesium 
<1.0  mmol/L). Additionally, these patients 
required lower opioids doses than required by 
normal magnesium level patients [62]. Case 
reports showed a  significant pain improvement 
for patients with Reversible Cerebral 
Vasoconstriction Syndrome (RCVS) treated with 
intravenous magnesium sulphate the primary 
pathology was aneurysmal SAH and acute infarc-
tion of the bilateral parieto-occipital lobes [8].

The mechanism behind the suspected benefit 
of magnesium is that it may act as a neuroprotec-
tant by decreasing the ischemic depolarization of 
brain cells. That helps to reduce the cerebral 
lesion volume presented during aneurysmal SAH 
acute phase [63].

Corticosteroids
Corticosteroids, especially dexamethasone, are 
potent anti-inflammatory drugs. As discussed in 
the mechanism of aneurysmal SAH, the presence 
of blood in the subarachnoid space irritates the 
meninges and cause production of inflammatory 
cytokines. A meta-analysis was conducted 
including eight clinical trials to evaluate the 
effect of dexamethasone in delayed cerebral isch-
emia and showed non-significant results [64]. 

Further studies need to be undertaken to assess 
the impact of corticosteroids in headache post- 
aneurysmal SAH.  Till the availability of more 
evidence, routine use of corticosteroids in pre-
venting delayed cerebral ischemia and subse-
quent headache is not recommended, especially 
that corticosteroids cause hyperglycemia which 
was proven to be associated with poor outcomes 
[65].

11.4.2  Non-pharmacological Options

11.4.2.1  Scalp Block
Both the trigeminal and spinal nerves provide 
sensory innervation of the scalp and forehead. 
The trigeminal nerve is the largest cranial nerve 
and is the principal source of sensory innervation 
of the head and face, including the meninges 
[66]. The trigeminal nerve has an ophthalmic, 
maxillary, and mandibular division, all of which 
contribute branches that innervate part of the 
forehead and scalp (Fig. 11.1). The greater occip-
ital nerve arises from the posterior ramus of the 
second cervical nerve (C2) root and innervates 
the significant portion of the posterior scalp. It 
originates in the posterior neck, lateral to the 
atlantoaxial joint and deep into the inferior 
oblique muscle [67].

Scalp block, which entitles infiltration of local 
anesthesia at various spots of the scalp, has been 

Auriculotemporal nerve

Greater occipital nerve

Lesser occipital nerve

Posterior rami of C3, C4, and C5

Supracalvicular nerves (C3 & C4)

Transverse cervical nerve

Great auricular nerve

Mental nerve

Buccal nerve

Infraorbital nerve

Zygomaticofacial nerve

Lacrimal nerve

Zygomaticotemporal nerve
Supratrochlear nerve
Supraorbital nerve

Fig. 11.1 Scalp 
innervation with 
syringes pointing out to 
nerves need to be 
blocked. (Drawing 
courtesy of Dr. 
Mohammed Bahari, 
London, UK)
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extensively described in the literature. Scalp 
blocks are mainly used for neurosurgical proce-
dures such as the sole anesthetic for awake crani-
otomies [68] and/or postoperative pain 
management of craniotomies in adults and chil-
dren [69]. It has also been used to diagnose post-
operative headache of unknown origin [70].

Irrespective of the etiology behind headache 
associated with SAH, the afferent pathway is 
through the meningeal branches of the various 
branches of the trigeminal nerve and roots of C2 
and C3 nerves. Hence, scalp block has the poten-
tial to block any nociceptive stimulus from the 
meninges. In a series of 10 cases, Venkatesulu 
and colleagues utilized scalp block in the man-
agement of SAH-induced headache. Scalp block 
was administered if the patient’s Visual Analog 
Scale (VAS) for pain is >7, after administration 
of adequate systemic analgesics, or when the 
patient exhibits intolerance to analgesics. Scalp 
blocks were performed using an anatomic method 
without ultrasound guidance, with 2–3  mL of 
0.25% bupivacaine administered per nerve. Scalp 

block resulted in an average 62% reduction in 
VAS at 1 h after administration. Only one patient 
required rescue analgesia, and then only a single 
dose of intravenous tramadol, 48  h after block 
administration. All the patients were followed up 
for 48  h, after stopping the intravenous 
paracetamol, and none required further analgesia 
[71].

As the authors noted, scalp block might poten-
tially mask SAH-related complications such as 
vasospasm and/or rebleeding, so its risks and 
benefits require further evaluation. Furthermore, 
its influence on the incidence of vasospasm or 
rebleeding rates also needs to be studied.

11.5  Conclusion 
and Recommendations

Management of SAH headache is complex, com-
bining both opioids and non-opioids is important 
to control the pain and decrease opioids require-
ments (Table 11.4). The use of pain assessment 

Table 11.4 Management of headache post-subarachnoid hemorrhage

Drug Initial regimen or pain score ≥6 Pain score <6
Opioids Intubateda Fentanyl/Remifentanilb as continuous 

infusion
Non- 
intubated

Fentanyl: patient-controlled analgesia for 
awake and intermittent boluses for 
non-awake patients

Oral morphine/dihydrocodeinec (use 
the least effective dose)

±
Dexmedetomidine For intubated patientsd

+
Paracetamol 1 g intravenous every 6 h 1 g orally every 6 h
±
Pregabalin 75 mg orally twice dailye perioperatively
+
Magnesium sulfate 2–4 g daily (to keep magnesium level >1.0 mmol/L)
+
Laxatives/prokinetics To avoid straining and to maintain at least one bowel motion every 24–48 h
+
Blood pressure control 
(discussed in Chap. 10)

• Maintain SBP <140 mmHg (in secured aneurysm up to 160 mmHg, especially 
if there is vasospasm)
• Nimodipine 60 mg oral every 4 h for 21 days

SBP systolic blood pressure
aUse behavioral assessment tools in intubated patient or patient unable to self-report [e.g. critical care pain observation 
tool (CPOT), or behavioral pain scale (BPS)] to assure adequate pain control
bAvoid prolonged use of remifentanil (risk of tolerance and hyperalgesia)
cAvoid using morphine or dihydrocodeine in severely impaired renal or hepatic patients
dMay be continued after extubation to decrease the opioids consumption with monitoring for heart rate, blood pressure, 
and conscious level
ePregabalin needs to be adjusted in renal impairment patients (Creatinine clearance <60 mL/min)
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scores helps in evaluating the degree of pain and 
titrating medications to ensure adequate pain 
control with the least effect doses.

11.6  Research Gaps and Future 
Directions

Till now the evidence behind the best strategy to 
manage SAH-induced headache is lacking. 
Clinical trials need to be conducted to compare 
different opioids and non-opioids evaluating both 
efficacy and safety outcomes.
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Traumatic Subarachnoid 
Hemorrhage

Abdulgafoor M. Tharayil, Talat Saeed Chughtai, 
Basil Younis, Abdulnasser Alyafei, 
and Vishwajit Verma

12.1  Introduction

Traumatic Brain Injury (TBI) is a major cause of 
mortality in those under 40 years of age. Traumatic 
SAH (tSAH), first described in 1859 and described 
as “sanguineous meningeal effusion” by Wilks [1] 
present unique challenges, and is associated with 
a worse prognosis, as shown by Head Injury Trials 
1, 2, and 3. The mortality rate in patients with TBI 
doubles if associated with tSAH, and if the basal 
cisterns are involved, there is a positive predictive 
value of 70% for a bad outcome. Some of the rea-
sons for the worse prognosis include complica-
tions such as: vasospasm, electrolyte disturbances, 
hydrocephalus, as well as endocrine dysfunctions 
involving the pituitary and hypothalamus. In 
terms of the worse outcome, according to some 
investigators, tSAH is a marker of severe TBI, 
while others stand by the theory that it is directly 

deleterious, leading to complications such as 
vasospasm and ischemia [2].

12.2  Incidence

The incidence of SAH in TBI is reported variably 
between 2.9 and 53% in different studies. Mattioli 
et al. stated an incidence of 61% in head-injured 
patients admitted to intensive care units (ICUs). 
Computerized tomography (CT) scans obtained 
in 169 head-injured patients on admission to 12 
Italian intensive care units during a 3-month 
period were examined. A review committee 
found this high incidence of tSAH in patients 
with TBI [3].

12.3  Pathophysiology

tSAH may be caused by one or more of five 
potential mechanisms [4].

 1. Rotational acceleration causing short-lasting 
oscillatory movements of the brain.

 2. Vertebrobasilar artery stretch due to 
hyperextension.

 3. Sudden rise of intra-arterial pressure from a 
blow to the cervical carotid artery.

 4. Tearing of the bridging pial veins.
 5. Diffusion of blood from an intra-cerebral con-

tusion into the subarachnoid space.
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12.4  Clinical Features 
and Presentations

Patients with tSAH present with same clinical fea-
tures of aSAH. However, there are significant dif-
ferences between traumatic and aneurysmal SAH in 
terms of incidence, location, vasospasm, utility of 
nimodipine, rate of seizure and outcome 
(Table  12.1). They present with severe headache, 
vomiting, altered conscious level, seizures, and 
focal neurological deficits. Sometimes patients 
present with clinical features of the acute complica-
tions of tSAH such as intra-cerebral clot and acute 
hydrocephalus. If patients developed pseudoaneu-

rysm, they may present with neck pain, lower cra-
nial nerve palsies, cervico-medullary compression 
syndrome, and Horner’s syndrome. Sometimes 
pseudoaneurysm formed after head trauma remain 
silent and later rupture producing subarachnoid 
hemorrhage with high potential to rebleed.

12.5  Diagnosis

12.5.1  CT Scan

A tSAH should be evident on a non-contrast CT 
scan of the brain. Most commonly, it is found to 
be involving cerebral hemispheres and basal cis-
terns (39.31%), followed by the cortical sulci 
(33.33%) and the inter-hemispheric space 
(11.96%) [5]. Figures  12.1 and 12.2 depict the 
radiological features of tSAH commonly seen in 
CT scan of the brain.

12.5.1.1  Advantages
 (a) CT scan is easy and comparatively rapid 

diagnostic tool.
 (b) Sensitive in first 24 h to detect SAH, highest 

in the first 3 days (close to 100%).
 (c) Can detect Hydrocephalus and intra- 

ventricular hemorrhage early.

12.5.1.2  Limitations
 (a) Risk of radiation.

Table 12.1 Comparison of traumatic and aneurysmal 
SAH

Traumatic 
(non-aneurysmal) 
SAH

Aneurysmal 
SAH

Incidence +++ +
Location Cerebral 

convexity
Skull base

Vasospasm rate + +++
Vasospasm onset 12 h to 5 days 4–5 days
Vasospasm resolution 12 h to 30 days 14–21 days
Nimodipine utility + +++
Seizure rate ++ +
Recurrence Rare Common
Need for intervention 
(IR/OR)

+ +++

Unfavorable outcome ++ +++

IR interventional radiology, OR operating room

a b c

Fig. 12.1 (a) Cerebello-medullary {cisterna Magna}, (b) Prepontine, (c) ambient cistern
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 (b) Sensitivity progressively decreases over time 
to only 58% in the fifth day. For more details 
please refer to Chap. 5.

12.5.2  Magnetic Resonance Imaging 
and Others

Functional imaging modalities such as Positron 
Emission Tomography (PET), Magnetic 
Resonance Imaging (MRI), and Magnetic 
Resonance Spectroscopy are helpful in giving 
details of both perfusion and cerebral metabo-
lism, and thereby have prognostic significance by 
defining the extent of injury and ischemia.

Fluid Attenuated Inversion Recovery 
(FLAIR), Gradient Reversal Echo (GRE), and 
Susceptibility Weighted Imaging (SWI) 
sequences of MRI are sensitive for the detec-
tion of acute tSAH in the first 48  h, and are 
complimentary to CT scan. Furthermore, SWI 
sequences are comparatively better in detect-
ing IVH and tSAH in basal cisterns, which 
may be missed on non-contrast CT [6]. 
According to preliminary findings of 
Nikhilkumar et  al., MRI FLAIR sequence 
delineates tSAH in the sulcal and tentorial 
region, which constitute 76.62% of tSAH [4]. 
(See Figs. 12.3 and 12.4).

12.5.2.1  Advantages
 (a) No risk of radiation.
 (b) MRI better sensitive than CT brain after 

4 days.

12.5.2.2  Limitations
 (a) Time consuming.
 (b) Expensive compared to CT.
 (c) May need sedation if patient is confused and 

uncooperative.

12.6  Grading of tSAH

There are many grading systems available to 
grade tSAH, for example: Fisher, modified 
Fisher, Morris-Marshall, and Greene.

12.6.1  Fisher Grade Classification

The Fisher scale (Table 12.2) was introduced in 
1980 as an index of vasospasm risk based upon 
the hemorrhage pattern seen on initial head CT 
scan. Fisher scale was validated in a small pro-
spective series of 41 patients with SAH, with 
excellent interobserver agreement. The limitation 
of this grading is that it is poorly correlated with 
outcome. For more details please refer to Chap. 6.

12.6.2  Modified Fisher’s Scale [7]

This grading depicted in Table 12.3 is also based 
on CT scan findings. It was proposed by Classen 
2001. Although this grading incorporates addi-
tional risk posed by intra-ventricular hemor-
rhage, this grading is also correlated with the risk 
of delayed cerebral ischemia and poorly corre-
lated with clinical outcome.

12.6.3  Morris-Marshall Grading [7]

This grading system depicted in Table  12.4 is 
also a CT scan-based grading. This considers the 
distribution of SAH in the CT scan, but it was not 
found to be better than GCS scale on admission 
or contusion in the CT.

12.6.4  Greene et al. Grading [7]

This grading system (Table  12.5) proposed by 
Greene et al. in 1995 is also a CT based grading. 
This is much simpler with better interobserver 
agreement. The authors validated this grading 
against Glasgow outcome Score and found to be 
correlating with outcome at hospital discharge.

12.7  Complications of tSAH

Most significant complications of tSAH include 
post-traumatic vasospasm, hydrocephalus, and 
pseudoaneurysm.

12 Traumatic Subarachnoid Hemorrhage
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12.7.1  Post-traumatic Vasospasm 
(PTV)

This complication occurs up to 40% after 
tSAH. Unlike aneurysmal SAH [5], PTV occurs 
and resolves earlier; starting 12 h to 5 days after 
injury, and lasting for 12 h to up to 30 days. PTV 

is not necessarily associated with a significant 
amount of SAH and has been noted even without 
any radiographic evidence of SAH [7]. Known 
predictors of vasospasm include cisternal SAH 
and Intra-ventricular hemorrhage (IVH) [8, 9].

There are three different circulatory stages 
described after severe head injury [10].

a b

c d

Fig. 12.2 (a) Tentorium cerebelli, (b) Enlarged temporal horn {large arrow}, suprasellar {yellow arrow}, interpedun-
cular {red arrow}, Sylvian {black arrow}, (c) Falx attenuation, (d) cortical sulci)
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Phase I (hypoperfusion): This stage occurs on 
the day of injury (day 0) and is characterized by: 
low cerebral blood flow (CBF), normal middle 
cerebral artery (MCA) velocity, normal hemi-
spheric index (ratio of MCA velocity to internal 
carotid artery velocity), and normal arterio- 
venous difference of oxygenation (AVDO).

Fig. 12.3 MRI FLAIR sequence showing acute trau-
matic subarachnoid hemorrhage. (Adapted from: Case 
courtesy of Radswiki, Radiopaedia.org, rID: 11973 under 
creative commons License)

Fig. 12.4 MRI FLAIR sequence showing acute trau-
matic subarachnoid hemorrhage. (Adapted from: Case 
courtesy of Dr Amro Omar, Radiopaedia.org, rID: 32468 
under creative commons License)

Table 12.2 Fisher grading

Grade Appearance of hemorrhage
1 No subarachnoid blood detected
2 Diffuse or vertical layer <1 mm thick
3 Localized clot and/or vertical layer >1 mm 

thick
4 Intra-cerebral or intra-ventricular clot with 

diffuse (or no) SAH

Table 12.3 Modified Fisher’s scale

Grade Criteria
0 No subarachnoid hemorrhage (SAH) or 

ventricular hemorrhage (VH)
1 Minimal SAH, no VH in the 2 lateral 

ventricles
2 Minimal SAH, VH in the 2 lateral ventricles
3 Large SAHa, no VH in the 2 lateral ventricles
4 Large SAHa, VH in the 2 lateral ventricles

VH Ventricular hemorrhage
aSAH completely filling at least one cisterna or fissure

Table 12.4 Morris-Marshall grading

Grade CT scan findings
0 No CT evidence of traumatic subarachnoid 

hemorrhage
1 tSAH present only in one location
2 tSAH present in only one location, but 

quantity of blood fills that structure, or tSAH 
is in any two sites, filling neither of them

3 tSAH present in two sites (including the 
tentorium) filled with blood

4 tSAH present in three or more sites, and 
being of any quantity

Table 12.5 Greene et al. grading

Grade 1 Thin SAH less than or equal to 5 mm
Grade 2 Thick SAH greater than 5 mm
Grade 3 Thin SAH with associated mass lesion
Grade 4 Thick SAH with an associated mass lesion

12 Traumatic Subarachnoid Hemorrhage
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Phase II (hyperemia): This stage occurs 
between days 1–3: CBF increases, AVDO falls, 
MCA velocity rises, and the hemispheric index 
remains less than 3.

Phase III (vasospasm): This stage occurs 
between days 4–15: CBF decreases, MCA veloc-
ity further increases, and there is a significant rise 
in the hemispheric index above 3. About 25% of 
vasospasm secondary to tSAH occurs by day 3 
[11].

Proposed mechanisms for vasospasm include 
[12]:

 1. Released blood products stimulating the 
Tyrosine Kinase pathway, causing calcium 
release, which results in cerebral artery 
smooth muscle contraction.

 2. CSF oxyhemoglobin causing vasoconstriction 
via increased free radicals, endothelin 1, and 
prostaglandin, as well as reduced Nitric Oxide 
and Prostacyclin production.

 3. Autonomic disturbance causing cerebral 
artery vasoconstriction.

12.7.2  Hydrocephalus

Following tSAH, there is impairment of cerebro-
spinal fluid (CSF) drainage and absorption result-
ing in hydrocephalus. Fifty  percent of tSAH 
patients develop hydrocephalus. It is found more 
commonly in elderly patients, those with low 
GCS on admission, presence of intra-ventricular 
hemorrhage, and severe tSAH [13].

12.7.3  Pseudoaneurysm

Pseudoaneurysm due to traumatic brain injury 
comprises of only 1% of all cerebral aneurysms. 
The basic pathology is the loss of integrity of the 
arterial wall intima due to the trauma and blood 
seeping into the arterial wall which is confined by 
adventitia and surrounding tissue which is 
described as a “pulsating hematoma.” Later the 
blood inside this space undergo clotting followed 
by fibrous tissue formation. The ongoing arterial 
flow results in excavation of this fibrous area and 

thins it out forming a pseudoaneurysm sac. 
Eventually this sac ruptures and results in sub-
arachnoid hemorrhage [14].

12.7.4  Cognitive Dysfunction

Although there are many studies on cognitive 
dysfunction in aneurysmal SAH, there were no 
data on the long-term cognitive dysfunction in 
patients with tSAH until 2011, when Wong et al. 
[15] published a paper on prevalence and risk 
factors for cognitive dysfunction. Patients who 
had tSAH 3–5  years before were assessed by 
cognitive tests. Out of 111 patients who were 
recruited, 42% of them completed all assess-
ments. Forty  percent of them had at least one 
domain deficit and 30% had two or more domain 
deficits. Extended Glasgow outcome scale (GOS- 
E) was significantly correlated with the domain 
deficits and cognitive impairment. Age and 
Glasgow coma scale (GCS) on admission were 
important predictors. Extent of tSAH was found 
to be an independent predictor.

12.8  Management of tSAH

Patients with tSAH should be managed prefera-
bly in the neuro-intensive care unit or a Trauma 
Intensive Care Unit that is experienced at manag-
ing TBI. Neuro-intensive care principles such as 
elevation of head, avoiding compression of the 
neck veins, frequent turning of the patient, phys-
iotherapy, mouth/bowel/bladder care, early 
enteral nutrition, analgesia, antiemetic and 
 antiepileptic medication are essential compo-
nents of care. Coagulopathy should be avoided 
and reversed if needed [16].

However, it has also been suggested that the 
presence of isolated tSAH should not by itself 
represent an indication to admit a patient with a 
clinically mild TBI to a critical care unit [17]. 
These cases may not necessarily require aggres-
sive monitoring in ICU [18].

According to Bullock et al. [7], management 
of tSAH should be targeted at avoiding second-
ary injury, maintenance of cerebral perfusion 
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pressure (CPP), optimizing cerebral oxygenation, 
and neuro-monitoring. Apart from routine neuro- 
monitoring, advanced neuro-monitoring includ-
ing intracranial pressure, jugular bulb venous 
oxygen saturation, cerebral micro-dialysis, brain 
tissue oxygen tension monitoring, transcranial 
Doppler ultrasonography (TCD) should be used. 
Additional supportive management such as 
mechanical ventilation, hemodynamic support, 
hyperosmolar therapy, Lund concept, stress ulcer 
prophylaxis and, rarely, barbiturate coma, may be 
required for optimum management of tSAH 
patients.

12.9  Management of Specific 
Complications

12.9.1  Dyslectrolytemia

Maintenance of euvolemia or marginal hypervol-
emia, and avoidance of hypotonic solutions, are 
mainstays of management. A serum sodium level 
of 150–155  meq/L is acceptable in TBI patient 
with brain edema. Hyponatremia may be due to 
Syndrome of Inappropriate Anti-Diuretic 
Hormone (SIADH) or cerebral salt wasting 
(CSW). The former is managed by fluid restric-
tion, while the latter is managed by replacement 
of volume and sodium. For more details please 
refer to Chap. 10.

12.9.2  Post-traumatic Vasospasm

Hypertension and hypervolemia should not be 
used in tSAH patients injudiciously as it may 
worsen cerebral edema. Use of Nimodipine, a 
calcium channel blocker, is controversial in 
tSAH.  Although a 2003 Cochrane [6] review 
reported an improved outcome in terms of 
decreased mortality and severe disability, another 
study by Vergouwen et  al. [19] did not support 
the routine use of nimodipine. Two studies have 
been done in relatively unselected head injury 
populations: Head Injury Trial 1, involving five 
British centers and Helsinki, followed by Head 
Injury Trial 2, including 12 centers across Europe. 

These studies involving a 7-day treatment with 
Nimodipine showed a 4% absolute improvement, 
and 8% relative improvement, respectively, 
towards favorable outcome though not statisti-
cally significant. The results were disappointing. 
Head Injury Trial 3, involving 123 patients with 
CT scan evidence of SAH, admitted to 12 centers 
in Germany, showed a significant difference in 
the rate of favorable outcome for Nimodipine-
treated patients. In a meta-analysis of these stud-
ies, there was a “just-significant” improvement in 
mortality and disability in Nimodipine treated-
patients. An ongoing trial, Head Injury Trial 4 is 
expected to give more insight into this issue.

12.9.3  Hydrocephalus

As with non-traumatic communication hydro-
cephalus, external ventricular drain (EVD) or 
ventriculo-peritoneal shunt (VP Shunt) is the 
treatment of choice [20]. For more details please 
refer to Chap. 10.

12.9.4  Ruptured Pseudoaneurysm

Traumatic intracranial pseudoaneurysms are rare, 
occurring in less than 1% of patients with cere-
bral aneurysms. It could be originated from the 
cavernous segment of ICA or middle cerebral 
artery (MCA). The former group present with 
classic triad of symptoms: massive epistaxis, uni-
lateral blindness, and skull base fracture [14]. 
They are treated by endovascular occlusion. 
Traumatic pseudoaneurysm of MCA usually 
present with intracranial hemorrhage. They are 
best managed by surgical clipping.

12.9.4.1  Surgical Clipping
This is the most common type of intervention 
performed. A craniotomy is performed to locate 
the aneurysm, commonly utilizing a navigation 
system for precise localization. Often a tempo-
rary clip is placed proximally to facilitate clip-
ping the neck of the aneurysm, to avoid bleeding 
[21] A permanent small clip made of titanium is 
placed across the “neck” of the aneurysm to 
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block blood flow from entering, avoiding any 
major artery or perforators. The clip remains on 
the artery permanently.

For more details please review Chap. 9.

12.9.4.2  Trapping

Surgical “Complete Trapping”
Complete trapping (with concomitant flow 
replacement/revascularization) can be “complete 
classic,” where the aneurysm and all the branches 
are occluded, or may be “complete variant,” 
where the aneurysm is occluded, but not all the 
branches from the aneurysmal segment are 
occluded from the circulation [21].

12.9.4.3  Artery Occlusion and Bypass
If the aneurysm is large and inaccessible, or if the 
artery is severely damaged, the surgeon may per-
form a bypass surgery. A craniotomy is used for 
access, and then clips are placed to completely 
occlude the artery and aneurysm. Blood flow is 
then re-routed around the occluded artery by a 
vessel graft. The graft is commonly a small blood 
vessel usually taken from the leg [21].

12.9.4.4  Wrapping
If no other method is feasible, the aneurysm may 
be “wrapped”/coated. Several agents and wrap-
ping techniques may be used: cotton, muscle, 
silastic sheet, gauze, Teflon, adhesives such as 
Biobond, fibrin glue, polyglactin 910 fibrin seal-
ant, and collagen-impregnated Dacron fabric. 
There is no evidence that one agent is superior to 
the other. The common mechanism is induction 
of chronic inflammation and fibrosis [21].

12.9.4.5  Non-surgical Management

Endovascular Coiling
This is performed during an angiogram in the 
radiology department. Through the catheter, the 
aneurysm is packed with platinum coils or glue, 
which prevents blood flow into the aneurysm. 
This is a form of “trapping” of the aneurysm and 

is often used for skull base aneurysms which are 
difficult to clip [20].

For more details please review Chap. 8.

12.9.4.6  Follow-Up
Patients who underwent occlusive treatment for 
pseudoaneurysm should be followed up 
regularly.

In a review article by Cothren et  al. [22], 
patients who underwent stenting for pseudoaneu-
rysm and started on anticoagulation therapy had 
stenosis rate of 45% of the vessel on follow-up, 
whereas only 5% of the conservative treatment 
group had stenosis on follow-up. In another study 
by Berne et al. [23], stenosis was found only in 
one out of 7 patients who had stenting.

12.10  Prognostic Factors

In a study by Lin et al., independent predictors of 
poor prognosis were: age, initial Glasgow Coma 
Score (GCS), extensive tSAH, and IVH.  They 
also found that statistically, patients with exten-
sive tSAH are significantly more likely to develop 
vasospasm [24]. In another prospective study by 
Okten et  al., prognosis was poorer in patients 
with poor admission GCS, hemorrhage in cis-
terna or fissures, presence of cerebral contusion 
or acute subdural hematoma, and patients with 
Fisher’s grade 3 or 4 [25]. Modified fisher grade 
predicts vasospasm, and indirectly predicts the 
clinical outcome [26].

12.11  Conclusion

Traumatic subarachnoid hemorrhage is common 
among patients with head injury. It has a tremen-
dous impact on the mortality of TBI patients and 
if survived, causes significant cognitive impair-
ment. Neuronal loss, diffuse axonal injury (DAI), 
microbleed, and disruption of blood-brain barrier 
(BBB) contribute to the development of cognitive 
impairment. Early diagnosis is thus extremely 
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important and possible with non-contrast CT in 
most cases; however, MRI with FLAIR, GRI, and 
SWI sequences are helpful in detecting missed 
cases. Management is conservative and support-
ive, with practice of standard neuro-critical care 
principles. Special complications encountered in 
these patients such as vasospasm, hydrocephalus, 
and electrolyte disturbances should be promptly 
managed. Early diagnosis and timely manage-
ment are the key for successful outcome in this 
subset of patients with traumatic brain injury.
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13.1  Introduction

Aneurysmal subarachnoid haemorrhage (aSAH) 
has remained a global health and financial burden 
with a higher fatality rate and permanent disabil-
ities [1]. Most of these patients are in the pro-
ductive stage of their life, and less than 16% of 
patients will return to their premorbid status. In 
forecasting the prognosis indicators of aSAH like 
the age, comorbidities, clinical-grade of aSAH 
on presentation, location, size of the aneurysm, 
early and late complication related to aSAH has 
to be given due consideration.

The outcome also depends on the treating 
facility. In facilities managing a significant vol-
ume of aSAH patients, receiving both microsurgi-
cal and endovascular intervention and dedicated 
Neurointensive Care Unit have a better outcome.

The prognosis of aSAH is influenced by sev-
eral non-modifiable factors as well as factors that 
can be manipulated by prompt interventions and 
proper management. Early prognostication of 
subarachnoid haemorrhage patients is important 
as the bulk of evidence indicates that brain injury 
begins at the aneurysm rupture, evolves with time, 
and plays an essential role in patients’ outcome 
[2]. It may help the treating physicians to decide 
the level of care, wisely utilize the resources, and 
give families clear picture of disease process and 
expected outcome.

13.2  Mortality in aSAH

Although the mortality of spontaneous aneurysmal 
subarachnoid haemorrhage (aSAH) is showing a 
decreasing trend in the last three decades, aSAH 
still has a high fatality rate [1]. Approximately up 
to 15% of aSAH patients die before reaching the 
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health care facility, and 25% die within 24 h of 
haemorrhage with or without medical therapy. 
The early mortality is a result of complications of 
aneurysmal SAH. Mortality can be secondary to 
early neurological injury, re- bleeding, hydroceph-
alus, increased intracranial pressure, seizures, and 
non-neurological conditions like cardiac compli-
cations. In all hospitalized aSAH patients, 40% 
die within 1 month, and around 60% die within 
6 months [1]. The decrease in aSAH case fatality 
over the last decades is mainly due to improved 
technologies to diagnose, endovascular or surgi-
cal treatment with recent parallel development in 
critical care management [1]. The long term sur-
vivors’ of the aSAH have a higher mortality rate 
than the general population, mostly due to cere-
brovascular events.

13.3  Morbidity in aSAH

The morbidity among survivors of aSAH is 
related mainly to two groups of dysfunctions. 
The neurophysical dysfunctions like motor and 
sensory deficits, epilepsy and the neuropsycho-
logical i.e., the cognitive dysfunctions such as 
loss of memory, sleep disturbances, language, 
and executive function.

13.3.1  Neurophysical Dysfunction

The neurophysical dysfunctions is due to the pri-
mary insult from the subarachnoid haemorrhage or 
secondary insults such as brain oedema, re- bleeding, 
cerebral vasospasm, brain ischaemia, hydrocepha-
lus, and seizures. These are major determinants of 
the functional outcome. They may be seen at the time 
of presentation or newly developed in the postopera-
tive period. The new postoperative deficits have poor 
outcome and are associated with multiple factors 
related to the aneurysm and intraoperative events. 
While, the neurophysical deficits that detected at the 
initial presentation improve with time.

Early diagnosis and interventions may prevent 
secondary neurological complications like re- 
bleed, vasospasm, hydrocephalus, and seizures in 
patients with aSAH.

Treating physicians should concentrate on 
preventing ischaemic complications by using 
various therapies to maintain adequate cerebral 
perfusion such as induced hypertension [3]. 
Nimodipine is the only drug approved by the US 
Food and Drug Administration for use in the treat-
ment of vasospasm. It is safe, cost-effective, and 
reduces the poor outcome as well as secondary 
ischaemia after aSAH [4]. The seizure prophy-
laxis is controversial in patients with SAH, but 
the use of phenytoin is documented to be associ-
ated with worse outcomes, especially when it is 
used for a longer duration [5]. The most common 
comorbidities in these patients are hypertension 
and diabetes mellitus. They require proactive 
management to improve outcome [6].

13.3.2  Neuropsychological 
Dysfunction

The neuropsychological, i.e., the cognitive dys-
functions, are well known but underreported. 
Al-Khindi and colleagues reported that more than 
33% of aSAH patients had a significant neuro-
cognitive disturbance upon discharge from the 
hospital. These patients commonly present with 
memory, language, and executive day-to-day func-
tional disorders [7]. Memory loss is mainly verbal 
memory; executive functions like attention, inhibi-
tion, strategizing, planning, problem- solving, and 
decision making are impaired. The neurocogni-
tive disturbances, in combination with depression, 
anxiety, and sleep disturbances, will significantly 
hamper the day-to-day essential functional abili-
ties [2]. The recovery time of cognitive dysfunc-
tion is variable, but it improves with time. During 
the evaluation of cognitive performance, symp-
toms such as headache, sleep disorders, fatigue, 
depression, etc., affect the outcome score.

13.3.3  Neuropsychiatric 
Manifestation in Post aSAH

Neuropsychiatric manifestations are common 
after aSAH. The most common being depression. 
The manifestations of depression are similar to 
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those of the frontal lobe syndrome. Sometimes 
depression and frontal lobe syndrome may over-
lap. It takes considerable time for improvement 
when compared to neurocognitive impairment. 
The other neuropsychiatric manifestations are 
anxiety, apathy, and denial, catastrophic reaction, 
and sleep impairment.

13.4  Prediction and Monitoring 
the Prognosis in aSAH

Prediction and monitoring the prognosis in aSAH 
is usually done by neurological examination on 
presentation to hospital, daily till discharge and 
then periodically. This helps in clinical grading 
and assessment of progress or deterioration of the 
clinical condition and the neurophysical progno-
sis. The second most important tool is neuro- 
imagining, especially the Computed tomography 
scan grade. Other tools are the neuropsychologi-
cal tests, modified Rankin score, Glasgow out-
come score. The functional outcome assessment 
comprises daily living, instrumental activities of 
daily living, and the ability to return to work.

The unexplored domains are the Biomarkers 
assays. Biomarkers assays in combination with 
neurological examinations and imaging may 
predict high-risk patients; thus, the treating 
physicians use all the available resources and 
mandatory interventions to prevent expected 
complications and improve the outcome [8].

In aSAH patients, certain biomarkers like 
CRP, selectin, thrombin antithrombin complex 
(TAT), creatine kinase-BB (CK-BB), malondi-
aldehyde (MDA), S100β protein, ubiquitin C 
terminal hydrolase 1 (UCHL1), and D-dimer are 
considered as best specific and sensitive biomark-
ers to predict the outcome as well as possibilities 
of recovery. However, the sensitivities and speci-
ficities of all these biomarkers are less than 90%.

Because of a lack of evidence, lower sen-
sitivities, and specificities of any given single 
biomarker, their utilization in the standard of 
care in the acute phase of SAH has not been 
adopted. Further research must be conducted to 
identify specific biokinetics of these biomark-
ers, including appropriate ranges, specific peaks, 

and half- lives, to improve their sensitivities and 
specificities [8].

13.4.1  Severity of aSAH

Traditionally the severity of aSAH is assessed by 
two scoring systems, namely Hunt and Hess (H&H) 
and World Federation of Neurological Surgeons 
(WFNS) scores. These scores are inversely related 
to the aSAH patient’s prognosis, morbidity, and 
mortality. The lower are the scores better is the 
prognosis. It is well documented in the literature 
that these scores predict the aSAH patient’s out-
come [9]. Relation between the Hunt and Hess 
(H&H) score and mortality are shown in Table 13.1.

13.4.2  Re-bleeding

Re-bleeding in patients with aSAH is an ominous 
sign. It frequently occurs within 24–48 h of the 
aSAH, but it can occur up to 2 weeks in 30% of 
unsecured aneurysms. The re-bleeding in aSAH 
patient is a major complication and usually fatal 
with a mortality rate of 51–80% [9]. Table 13.2 
describes the risk factors for re-bleeding [9].

Table 13.1 Hunt and Hess score and patient outcome 
(Courtesy of Dr. Nissar Shaikh)

Hunt and Hess score Mortality (%)
Grade I 30
Grade II 40
Grade III 50
Grade IV 60–70
Grade V 80–90

Table 13.2 Risk factors for re-bleeding in aSAH patients 
(Courtesy of Dr. Nissar Shaikh)

Delay in securing the aneurysm
Loss of consciousness
High grades of aSAH
Large size aneurysms
Sentinel headache
Anxiety/agitation
Hypertension
Seizures
EVD insertion before securing the cerebral aneurysm
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13.4.3  Degree of Cerebral Vasospasm 
and Cerebral Ischaemia

The delayed cerebral ischaemia due to recurrent 
or persisting cerebral vasospasm is a frequent 
cause of morbidity and mortality in patients 
with aSAH.  Up to 20% of aSAH patients have 
a poor outcome and a mortality of up to 32% 
due to cerebral ischaemia [10]. Table 13.3 shows 
the risk factors for cerebral vasospasm and brain 
ischaemia [10].

13.4.4  Role of Nimodipine

It is L-type calcium channel blocker—it is the 
only drug that has been approved for SAH in 
European countries and the USA.  It improves 
long-term neurological outcomes if it is started 
on admission and administered for 21 days. The 
recommended oral dosage is 60  mg 4  hourly 
orally (maximum daily dose of 360 mg). The role 
of nimodipine is based on general brain protec-
tive mechanism as there is no proof to suggest 
that it treats angiographically diagnosed vaso-
spasm, and it also increases fibrinolytic activity 
and inhibits cortical spreading ischaemia. For 
more details, please refer to Chap. 10.

13.4.5  Recreational Drug Abuse

Aneurysmal SAH patients with acute cocaine 
abuse have a three-fold increase in in-hospital 
mortality. In a retrospective aSAH study, acute 
cocaine abuse was associated with significant 
mortality compared to the control group. The 
cocaine with aSAH have a higher chance of cere-
bral vasospasm thus at a higher risk of morbidity 
and mortality [11].

13.4.6  Intraventricular Haemorrhage 
(IVH)

Intraventricular haemorrhage (IVH) occurs in 
28% of aSAH patients and is detected in up to 
54% in the post-mortem examination in these 
patients. Intraventricular haemorrhage may inter-
fere with CSF circulation leading to obstructive 
hydrocephalus. The mortality rate may reach 60% 
in patients with IVH [12]. Table 13.4 shows the 
percentage risk of intraventricular haemorrhage 
according to the aneurysms location. IVH is one 
of the causes of anosmia in post aSAH patients.

13.4.7  Seizures

The seizure occurs in up to 18% of the aSAH 
patients. The risk of seizure increases with middle 
cerebral artery aneurysm, intracerebral haemor-
rhage, re-bleed, and delayed cerebral ischaemia. 
Non-convulsive status epilepticus and subclinical 
seizures should be considered if there is a prolonged 
deterioration of conscious level, which associated 
with the worst outcome in aSAH patients [13].

13.4.8  Hydrocephalus

Hydrocephalus occurs in up to 30% of aSAH 
patients. It may develop acutely within minutes 
to hours of insult, which is non-communicating 
and obstructive. While communicating, normal 
pressure hydrocephalus develops after or around 
2  weeks of the insult; it is due to blockage of 
subarachnoid villi by blood and blood products 
[14]. Table 13.5 shows the risk factors for devel-
oping hydrocephalus in patients with aSAH. The 
hydrocephalus increases morbidity, hospital, and 
intensive care unit stay [15].

Table 13.3 Showing risk factors for cerebral vasospasm 
and brain ischaemia

Smoking
Young patients
Female gender
Hyperglycaemia
High-grade Fisher scale

Table 13.4 The location of cerebral aneurysms and 
chances of intraventricular haemorrhage (Courtesy of Dr. 
Nissar Shaikh)

Anterior cerebral artery 40%
Internal carotid artery 25%
Middle cerebral artery 21%
Vertebrobasilar arterial system 14%
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13.4.9  Cerebral Aneurysmal 
Diameter

Both extreme size of the cerebral aneurysm, 
i.e., small <4 mm and giant >9 mm is associ-
ated with the worst prognosis, as these extreme 
sizes related to difficulty in securing of cere-
bral aneurysm and increase the risk of re-
bleeding [16].

13.4.10   Patient Age

As the patient’s age increases, the progno-
sis of aSAH is guarded. Younger patients (age 
<40 years) have complication rate of 28% when 
compared to elderly patients (age >70 years) who 
have a complication rate of 46%. The elderly 
patients with aSAH present with high WFNS 
and Fisher grades. Furthermore, their brain has 
less capability to tolerate the secondary insults 
after acute aSAH; the risk of hydrocephalus and 
re- bleeding is exceptionally high. Apart from 
the above mentioned high risks, this group of 
patients has low cardiopulmonary reserves and 
metabolic dysfunctions, which increases the risk 
of poor prognosis [16].

13.4.11   Medical Complications or 
Organ Dysfunction 
and Association 
with Morbidity 
and Mortality

The following medical complications and organ 
dysfunction of aSAH patients (Fig. 13.1).

13.4.11.1  Electrolyte Disturbance
Dysnatraemia, which comprises both hyponatrae-
mia and hypernatraemia is frequently observed in 
patients with aSAH, Hyponatraemia occurs in up 
to 30% of aSAH patients and is believed to be 
caused by a hypothalamic injury. Hyponatraemia 
in these patients could be due to the syndrome 
of inappropriate secretion of antidiuretic hor-
mone (SIADH) or salt-wasting syndrome. While, 
Hypernatremia is reported in 22% of the aSAH 
cases. Although hyponatraemia is frequent in 
aSAH, the hypernatremia is found to be associ-
ated with the poor outcome in these patients [17].

Hypomagnesemia; Van den Bergh et al. pro-
posed that hypomagnesemia following rupture of 
cerebral aneurysm was a risk factor for vasospasm 
as well as DCI, administration of magnesium might 
be worthy to prevent cerebral vasospasm [18].

13.4.11.2  Fever
Fever is the most frequent medical complication 
in patients with aSAH. It develops in up to 54% 
of aSAH patients. In general, fever is found to 
increase the sensitivity of the brain to develop 
cerebral vasospasm, ischaemic injuries, and cere-
bral oedema. Thus, it is associated with increased 
morbidity and mortality in aSAH patients [19].

13.4.11.3  Anaemia
Anaemia occurs in 36% of aSAH patients. 
Most of the literature describes that anaemia is 
 associated with poor outcome in patients with 
aSAH.  However, it is also reported in the lit-
erature that treating anaemia by red blood cell 
transfusions in patients with aSAH increases 
morbidity and mortality, may be associated with 
changes in blood rheology [20]. In that sense, it 
seems justified to be critical with the indication 
to correct anaemia by blood transfusion. Oliver 
et  al. consider anaemia with haemoglobin lev-
els less than 10 g/dL, and blood transfusion was 
associated with better neurological outcome [21].

13.4.11.4  Hyperglycaemia
Hyperglycaemia occurs in 90% of aSAH patients. 
It is found to be associated with poor outcomes 
in these patients. The aggressive management of 
hyperglycaemia should be avoided; it may lead 

Table 13.5 Risk factors associated with hydrocephalus 
development [15]

Low Glasgow Coma Scale at presentation
Elderly
Subdural hematoma
Large amount of intraventricular blood
Vasospasm
Administration of antifibrinolytic medications
Seizures
Posterior circulation aneurysms
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to frequent hypoglycaemia, which has a detri-
mental effect on the brain tissue [19]. Moderate 
hypoglycaemia is associated with vasospasm, 
cerebral infarction, and a 3-month disability after 
SAH. Determination of optimal glucose level is 
extremely difficult, and the literature does not 
recommend a single optimal glucose target [22].

13.4.11.5  Pulmonary Complications
Pulmonary complications are reported in 20% of 
aSAH patients. Pulmonary dysfunctions contrib-
ute to an increased incidence of cerebral vaso-
spasm and 50% of all fatal medical complications 
in patients with aSAH. Pneumonia accounts for 
up to 20% of the pulmonary complications, pul-
monary oedema is seen in 14–23%, and pulmo-
nary embolism in 0.3%. Pneumonia was found to 
be associated with a three-fold increase in mor-
tality in ischaemic stroke patients [19]. However, 
it is not clear whether this is a consequence of the 
severity of neurological dysfunction or an active 
contribution by the inflammation itself.

13.4.11.6  Cardiac Complications
The neurocardiogenic injuries in patients with 
aSAH vary from stunned myocardium to fatal 
cardiac arrhythmias. The cardiac dysfunction 

as well as wall motion abnormalities after the 
aSAH is associated with an increased incidence 
of delayed cerebral ischaemia and poor outcome. 
The details of cardiac changes are mentioned in 
Table 13.6.

13.4.11.7  Renal Dysfunctions
Renal dysfunction in aSAH can be multifacto-
rial, the most common important etiologies are 
the repeated use of intravenous contrast, use of 
nephrotoxic antibiotics in infected SAH patients 
as well as hypervolemia and induced hyperten-
sion. Chen et al. have reported the incidence of 
0.8–7% of renal dysfunction. A deteriorated renal 
function had an adverse outcome at 3  months. 

Primary brain Injury

Secondary brain Injury

Medical complications

Dysnatremia

Fever

Hyperglycaemia

Cardio-pulmonary complications

Acute kidney injury

Gastrointestinal bleeding
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Early Brain
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Fig. 13.1 Medical Complications and Multi-organ dysfunction associated with aSAH. (Courtesy of Dr. Nissar Shaikh 
and Dr. Arshad Chanda)

Table 13.6 Cardiac dysfunction in aSAH patients 
(Courtesy of Dr. Nissar Shaikh)

ECG changes ST-segment depression
T wave-inversion
Prolonged QT interval
U waves
Tachycardia/bradycardia

Changes in 
echocardiogram

Decrease in ejection fraction
Wall motion abnormalities

Cardiac biomarkers Increased levels of serum 
troponin & NT-pro BNP levels
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Furthermore, the 1-year mortality is significantly 
higher in stroke patients with acute kidney injury 
compared to the normal renal function stroke 
patients [23].

13.4.11.8  Coagulation Disorders
Activation of the coagulation cascade and 
impairment of the fibrinolytic cascade are the 
two coagulation disorders that are observed in 
aSAH. There is an elevation in the von Willebrand 
factor, thrombin, antithrombin, CSF tissue factor, 
and Platelet-activating factors. Fibrin degrada-
tion products and D-dimer are elevated in CSF 
[23]. The development of the microthrombi is 
seen in cerebral vessels. Though the prothrom-
bin time (PT), activated partial thrombin time 
(aPTT), and fibrinogen levels were observed to 
be normal in aSAH Patients. These derangements 
in the coagulation system in patients with aSAH 
are associated with poor outcomes [24].

13.4.11.9  Gastrointestinal Bleeding
The raised intracranial pressure and hydroceph-
alus in patients with aSAH potentially induce 
a surge in stress hormones, thus putting these 
patients at the risk of stress ulcer and gastrointes-
tinal (GI) bleeding. The in-hospital mortality of 
aSAH patients with GI bleeding is significantly 
higher than those without GI bleed. O’Donnell 
et al. reported that the GI bleeding was strongly 
associated with in-hospital death and 6-month 
mortality in stroke patients [25].

13.4.11.10  Aneurysm Recurrence 
and Late Re-bleeding

Recurrence of SAH can occur in survivors of 
aneurysmal aSAH. This could result from the re- 
bleed of a previously coiled or clipped aneurysm. 
Rupture of non-coiled or non-clipped aneurysm, 
from multiple aneurysms or formation of a new 
aneurysm. This risk is very low but may happen.

13.5  Conclusion

Aneurysmal SAH is a devastating disease asso-
ciated with high morbidity and mortality. More 
than 60% of aSAH patients die within 6 months 
of acute insult. Various complications occur in 

patients with aSAH increasing the morbidity 
and mortality in these patients. A combination of 
primary neurological insult due to the aneurysm 
rupture and secondary neurological and non- 
neurological complications worsens the overall 
clinical outcome of aSAH patients. Prediction of 
the outcome is extremely important, the use of 
biomarkers for prognostication of aSAH needs 
further studies. Extreme size cerebral aneurysms 
and elderly patients have a guarded prognosis. 
Early diagnosis, proper intervention, and early 
administration of nimodipine may prevent sec-
ondary brain injury and improve the patient’s 
outcome.
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Brain Death

Vishwajit Verma and Yash Verma

14.1  Introduction

Brain death or diagnosing death by irreversible 
cessation of brain stem function is a relatively 
new concept in medical sciences. Death is defined 
as the irreversible loss of functions that are essen-
tial for the existence of a living organism. A 
patient without life-sustaining respiratory func-
tions would die within minutes of a cardiac arrest 
unless these functions are supported by artificial 
means. Progress made in cardiorespiratory resus-
citation, and mechanical ventilation has made it 
possible to sustain organ support despite the loss 
of spontaneous life-sustaining cardio-respiratory 
controls from the injured brain. It is not surpris-
ing, therefore that the concept and the need for 
defining death by neurological criteria emerged 
after the advent of sophisticated organ support 
measures in intensive care.

Diagnosing death by neurological criteria is 
important, to stop the unnecessary and futile 
organ support in patients who have an irrevers-
ible loss of brain stem reflexes that are essential 
for the existence. The diagnosis is also necesary 
for determining the mode of end of life care and 

organ donation. In countries where organ dona-
tion programmes involve donation after cardiac 
or brain death, the distinction is vital to decide 
the mode of organ donation. The determination 
of brain death may also provide family members 
with a robust prognosis of the condition remov-
ing any uncertainty.

14.2  Historical Perspective

The earliest record of clinical states resembling 
what we now know as brain death goes back to 
the late nineteenth century. As reported by many 
authors, an increase in the intracranial pressure 
(ICP) both in experimental animals and patients 
was associated with cessation of breathing before 
heart stopped. In 1902 Cushing reported that 
when death resulted from a fatal increase in intra-
cranial tension, the arrest of respiration precedes 
that of the heart. Prompt surgical relief, with a 
wide opening of the calvarium, may save a life 
even in desperate cases with pronounced medul-
lary involvement [1].

In 1954 two French neurologists Mollaret and 
Goulon described a pathological state in a cohort 
of 23 patients which they called “coma dépassé” 
meaning “beyond coma” [2]. These patients were 
characterised not only by a lack of awareness but 
also by the loss of vegetative functions like 
breathing.
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In 1968, Ad Hoc committee of the Harvard 
medical school published its report “A definition 
of irreversible coma” to propose a new concept of 
defining death by a state of irreversible coma, 
which required the absence of spontaneous 
movements or breathing, lack of brainstem 
reflexes, and an isoelectric EEG (Table 14.1) [3].

In the UK, the Conference of the Medical 
Royal Colleges and their faculties produced guid-
ance for diagnosing brain (stem) death in 1976, 
and a subsequent memorandum three years later, 
equated brain death with the death of a person for 
the first time.

The 1981 Uniform Determination of Death Act 
(UDDA) in the USA stipulated that death can be 
determined by either neurological or  cardiovascular 
criteria but stopped short of mandating a standard 
by which brain death should be determined.

Currently, in the USA, UDDA enshrines the 
principle of equivalence of cardiac and neurologi-
cal criteria for declaration of death and is adopted 
by many states as the legal definition of death.

The early and prompt diagnosis of brain death 
in critical care is significant, mainly due to two 
reasons. Firstly, with the advances in organ sup-
port, it is possible to keep a body functioning for 
an extended period, leading to expensive and 
futile procedures accompanied by considerable 
emotional stress on the family and staff looking 
after the patient. Secondly, with the shortage of 
organs available for transplant worldwide, an 
early diagnosis helps the retrieval of organs before 
the collapse of the systemic circulation. Prolonged 
treatment of a patient who is brain dead poses a 
considerable drain on otherwise limited and 
expensive resources of critical care beds.

Brain death can be conceptualised as whole 
brain or only brain stem death. Whole brain death 
concept requires irreversible cessation of whole 
entire brain including the functions of the brain 

stem. Brain stem death on the other hand requires 
proof of irreversible cessation of brain stem func-
tions only. At practical level the clinical tests 
required for both formulations are the same 
except that former requires additional confirma-
tory tests such as electroencephalogram (EEG) or 
lack of cerebral blood flow to confirm brain 
death. A patient who has preserved cortical elec-
trical activity or intracranial blood flow but no 
brain stem reflexes will be considered to be dead 
in legal systems that utilise a brainstem approach 
but not in those where a whole brain concept is 
applied [4]. From a legal perspective, each coun-
try, and in the USA, each State, has its legal regu-
lations for death by brain criteria.

14.3  Preconditions for Diagnosis

The cornerstone of brain death is a meticulous 
neurological examination of the patient with care-
ful review of medical history, neuroradiologic 
examination, and lab results. The diagnosis of 
brain death relies on two primary and indispens-
able preconditions. Firstly, the cause of unrespon-
sive coma must be an irreversible structural or 
metabolic injury. Secondly, the anatomical appara-
tus of the brain needed to sustain vegetative func-
tions and consciousness must be damaged beyond 
recovery. An overview of diagnostic algorithm for 
diagnosing brain death is shown in Fig. 14.1.

14.3.1  Aetiology

The clinical testing for brain death begins with the 
indispensable precept of demonstrating that the 
cause of brain damage is a known irreversible 
structural or metabolic disease. The precept is crit-
ical, and clinical testing for brain death cannot be 
considered until it is satisfied. The emphasis on 
this point lies in the fact that coma of unknown 
cause is often due to toxicity of a depressant drug. 
A collaborative study sponsored by the National 
Institutes of Health reported that deep coma in 
many patients was caused by drug toxicity. The 
drug toxicity was revealed only on toxicological 
analysis and was not suspected clinically by the 
treating physicians [5]. Therefore, doctors involved 

Table 14.1 Harvard criteria for brain death [3]

1 Unresponsive coma
2 Apnoea
3 Absence of brain stem reflexes
4 Absence of spinal reflex
5 Isoelectric electroencephalogram (EEG)
6 Persistence of conditions for at least 24 h
7 Absence of drug intoxication or hypothermia
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in diagnosing brain death document the cause of 
brain injury with the relevant reference to anatomi-
cal correlate of brain injury or herniation on CT or 
MRI scan of the brain.

14.3.2  Exclusion of Reversible Causes 
of Coma

14.3.2.1  Drugs
A good thorough history of drug usage and 
administration is essential before proceeding 
with the clinical testing of the patient. Sedative 

and anaesthetic drugs may cause a prolonged 
period of unresponsive coma, especially in hypo-
thermic subjects or patients with renal and 
hepatic dysfunction. Some anaesthetic drugs like 
midazolam and fentanyl show an increase in 
context- sensitive half-life due to accumulation of 
the drug in fat or muscle compartments.

Special care must be taken when approaching 
patients for brain death criteria who were man-
aged with the thiopentone infusion.

Infusion and multiple doses of thiopentone 
metabolism follow zero-order kinetics due to 
saturation of hepatic enzymes, thus prolonging 

Algorithm for Diagnosing Brain Death

Identification of Coma

Clinical Evidence of Coma
(possible supported by neuroimaging. Neurophysiology,

CSF, ETC

Exclusion of hypothermia, intoxication, sedative drugs,
neruomuscular blocking agents, severe electrolyte, acid

base or endocrine abnormalities as causative

Absent brain stem reflexes
Absent Motor response

Apnoea PaCo2 > 60mmHg or rise above 20 mmHG

Yes

Clinical Diagnosis of Brain Death

Fig. 14.1 Diagnostic 
algorithm for brain death
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its elimination from the body. Also, continuous 
infusion of thiopentone without continuous EEG 
monitoring can notoriously cause an isoelectric 
EEG with or without suppression of the brain 
stem reflexes.

The length of time between discontinuation of 
a depressant drug and brain stem testing depends 
upon multiple factors such as the total dose, dura-
tion of treatment, and the hepatic or renal func-
tions of the patient. If plasma drug assays are 
available, plasma concentrations of the depres-
sant medications should be measured to exclude 
the effect of depressant drugs. It is not considered 
safe to undertake brain stem testing if serum level 
is above 5 mg/L for thiopentone and 10 μg/L for 
midazolam [6]. If the treating physicians suspect 
or confirm alcohol intoxication, the alcohol blood 
level should be ≤80 mg/dL [7].

In circumstances where the facility for drug 
assays is not available, the residual sedative can 
be predicted according to pharmacokinetic pro-
file of the drug. In some organisations, it is man-
datory to wait for five elimination half-lives 
before proceeding with the clinical testing. 
However, such a strategy lacks both accuracy and 
precision due to multiple pharmacokinetic fac-
tors such as redistribution into multiple 
compartments.

In exceptional circumstances, ancillary brain 
death tests can be used, if doubt remains regard-
ing the residual effects of sedatives [7].

14.3.2.2  Primary Hypothermia
Core temperatures between 32 and 34  °C are 
occasionally associated with an impaired level of 
consciousness but with intact brain stem reflexes. 
Brain stem reflexes are reversibly lost below 
28 °C. In clinical practice, patient remains awake 
and conscious above the temperature of 34 °C.

The current recommendation is, therefore, to 
ensure that the core temp is above 36 °C before 
attempting clinical tests for brain death [7].

14.3.2.3  Metabolic and Endocrine 
Disturbance

Encephalopathies caused by acute and metabolic 
conditions may mimic brain death by abolishing 
some or all brain stem reflexes. Therefore, metic-

ulous attention must be paid to medical history, 
and lab results rule out these conditions.

Endocrine Disorders
Hyperglycaemia caused by diabetic ketoacidosis 
or hyperosmolar non-ketotic coma may cause a 
state with absent brain stem functions that may 
mimic brain death. Likelihood of this happening 
increases with blood glucose levels above 
20  mmol/L.  Severe hypoglycaemia may also 
result in coma or stupor. In this situation, brain 
death testing should be deferred below a blood 
glucose level of 3.0  mmol/L [6]. Both myxo-
edema and thyrotoxicosis can produce a coma-
tose state. Addisonian crisis may also be 
associated with severe myopathy and ascending 
paralysis leading to coma. If these conditions are 
suspected, then additional lab tests are required 
to rule out these conditions [6].

Electrolyte Disorders
Hypernatremia is frequently seen in patients 
with brain death. In most patients hypernatre-
mia is caused by diabetes insipidus induced by 
the changes in intracranial pressure. Serum 
sodium concentration greater than 160 mmol/L 
may cause deep coma and unresponsiveness 
and should be corrected before brain death 
testing.

Hyponatremia can also cause coma, but it is 
the rate of sodium decline rather than the abso-
lute level that determines the development of an 
unresponsive state. It is rare for a patient to be 
unresponsive above the sodium of 
115 mmol/L. Caution should be exercised during 
correction of sodium in patients with severe 
hyponatremia as the rapid changes in sodium 
concentration may result in a state of decreased 
consciousness and quadriparesis caused by 
osmotic demyelination in pons.

Low serum potassium may cause myopathy, 
and levels below 1 mmol/L are reported to cause 
flaccid quadriplegia. It is not advisable to pro-
ceed with testing below the potassium level of 
2.0 mmol/L [6].

Extremely low or high serum levels of 
Phosphate and Magnesium may also cause 
severe neuromuscular weakness and generalised 
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flaccid paralysis. There is currently no agree-
ment on precise values at which brain stem test-
ing can be undertaken. A clinically significant 
weakness is unlikely unless serum levels of mag-
nesium or phosphate are below 0.5 or above 
3.0 mmol/L [6].

Exclusion of Reversible Causes of Apnoea
It is crucial to rule out reversible causes of apnoea 
before proceeding to the clinical tests. Most 
patients receive neuromuscular blocking during 
their course of stay in ICU. The residual effect of 
these drugs must be ruled out by meticulous 
attention to the history and timing of medications 
received by the patient. A train of four examina-
tion by the nerve stimulator can be used to rule 
out the presence of neuromuscular blockade. 
Some neurological disorders, for e.g., Guillain 
Barre, Botulism can cause symmetrical cranial 
nerve dysfunction with respiratory muscle paral-
ysis. It is therefore vital to establish a definite 
diagnosis of irreversible brain damage of known 
aetiology.

In a head-injured unresponsive patient, the 
presence of a high spinal cord injury should be 
ruled out and documented. If the diagnosis of 
high spinal cord injury is established or sus-
pected, then the apnoea test becomes invalid. In 
this situation diagnosis of brain, death can only 
be established by the use of ancillary investiga-
tions [7].

14.4  Clinical Tests

The clinical diagnosis of brain death is based on 
confirming beyond doubt three cardinal fea-
tures: unresponsive coma, absence of brain stem 
reflexes, and apnoea. In most legal systems, 
tests are performed by two senior doctors who 
are not part of the transplant team. The tests are 
repeated after the initial testing to confirm the 
findings of the first sets of tests. The time 
between the first and second tests varies in dif-
ferent countries and legislation. In the UK sec-
ond set of tests can be repeated immediately 
after the first test, once the PaCO2 is normalised 
from the first apnoea test [6].

A recent consensus statement made by The 
World Brain Death Project concluded that an 
intervening period between the two tests is 
unnecessary if the pre-requisite for irreversibility 
has been met undeniably. Readers are encour-
aged to review their local guidelines for specific 
instances [7].

14.4.1  Unresponsive Coma

The presence of unresponsive coma is confirmed 
by the absence of a motor response in the cranial 
nerve distribution to a noxious stimulus applied 
in the supraorbital area. A common pitfall of this 
test is the presence of spinal reflexes, spontane-
ous and myokymic movements seen in the area of 
cranial nerve distribution.

Spinal reflexes can pose challenge for the cli-
nicians performing the test and make it difficult 
for the grieving family to accept brain death. 
Diverse varieties of poly, oligo or mono-seg-
mental reflexes are seen in patients after brain 
death. These spinal reflexes represent phyloge-
netically old motor patterns that are set free 
from descending cortical influences after brain 
death. Spinal reflexes usually manifest 48 h 
after brain death. Spinal reflexes can be differ-
entiated from volitional and brain stem activity 
by being triggered by stimuli of limited varia-
tions, a consistent latency, duration and fade 
after the repeated triggers [8]. These movements 
are stereotypical and non-purposeful but can 
confuse inexperienced clinicians and family 
members by giving an impression of vitality. A 
summary of different types of spinal reflexes is 
shown in Table 14.2 [8].

Myokymia are fine tremulous or quivering 
movements that are sometimes seen in the area of 
facial nerve distribution. There are other auto-
matic movements that have been described such 
as flickering of eyelids, transient eyelid opening 
and rhythmic dilation, constriction of pupils.

A group of British investigators reported a 
case of women who showed periodic constriction 
and dilation of the iris with absent brain stem 
reflexes [9]. In another case, investigators 
reported a patient with the slow opening of the 
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eyelid in response to pinching the ipsilateral nip-
ple. The exact mechanism of these movements is 
not known. However, a plausible explanation is 
that they are caused by deafferentation of the 
supranuclear fibres of the facial nerve or hyper-
sensitivity to neurotransmitters in the ciliary 
muscles in the setting of denervation.

14.4.2  Brain Stem Reflexes

14.4.2.1  Pupils
The pupils should be fixed and unresponsive to 
bright light. Ideally, mid-sized pupils are more 
reliable for the diagnosis of brain death.

Pupillary reflex is maintained by the opposing 
effects of sympathetic and parasympathetic activ-
ity. The parasympathetic pupillo-constrictor 
fibres originate from the Edinger–Westphal 
nucleus or accessory third nerve nucleus in the 
midbrain. Pupillo-dilator muscles in the iris are 
innervated by sympathetic fibres arising from the 
superior cervical ganglion. The preganglionic 
sympathetic fibres which regulate the pupillary 
response derives its input from ipsilateral hypo-
thalamus (Fig.  14.2). Descending hypothalamic 
fibres descend in the lateral pons and medulla, 
where they can be interrupted by an injury to the 
brain stem. After the brain death, due to destruc-
tion of the brain stem, both sympathetic and para-
sympathetic fibres are destroyed, resulting in the 

cadaveric or mid-sized pupils between 4 and 
6 mm. In early stages after the brain death, the 
agonal release of the noradrenaline causes dila-
tion of the pupils [10]. However, as catechol-
amine are metabolised, the pupils should return 
to mid or cadaveric size.

Current guidelines recommend that there 
should be an absence of ipsilateral and contralat-
eral pupillary response to bright light with pupils 
fixed in midsize or dilated position (4–6 mm) in 
in both eyes [7].

14.4.2.2  Pitfalls
Many drugs and medical conditions can influ-
ence the pupils. Anticholinergic drugs, adrena-
line, and local injury to oculomotor (CNIII) nerve 
can also cause fixed and dilated pupils. In these 
situations, pupils are usually larger than 5–6 mm 
(midbrain pupils) in size.

14.4.2.3  Ocular Movements
Ocular movements are assessed by the demonstra-
tion of oculocephalic or vestibulo-ocular (caloric) 
responses (VOR). The oculocephalic response is 
assessed by moving the head side to side in the hori-
zontal plane, followed by up and down movement 
in a vertical plane. The normal reflex is a tonic, brisk 
eye movement in the contralateral direction to that 
of the head movement. Oculocephalic reflex is a 
complex reflex which requires afferent input from 
ear canals and proprioceptors of neck muscles. In 
comatose and anaesthetised patients, it is often dif-
ficult to elicit this response. The spinal injury must 
be excluded before attempting a demonstration of 
oculocephalic response.

The vestibulo-ocular response, also known as 
the caloric response, is performed by irrigating 
ice-cold saline in the ear canal. In awake subjects, 
the injection of cold water causes a reduction of 
tonic neural output from the semicircular canals 
present in the inner ear of the same side. The uni-
lateral decrease in neural output causes an asym-
metry which is similar to turning the head 
opposite to the side of the injectate. Consequently, 
the ipsilateral, lateral rectus and contralateral, 
medial rectus muscles contract, leading to a slow 
movement of eyes towards the side of cold water 
injection. A fast corrective saccade follows this 

Table 14.2 Types of spinal reflexes in brain-dead 
patients [8]

1 Mono-segmental muscle stretch reflexes
2 Oligo-segmental cutaneo-muscular reflexes: 

Cremasteric, plantar extensor response, tonic 
penile erections/vaginal contractions, tonic plantar 
flexion

3 Poly-segmental spinal reflexes:
Embrace (Moro) response
Neck-flexion abdominal-contraction, neck-flexion 
hip-flexion, neck-flexion arm-flexion reflex
Endotracheal suction arm-flexion reflex, leg strike 
leg-flexion reflex
Undulating toe flexion sign
Head tilt upon noxious stimuli on upper limb

4 Poly-segmental spinal automatism patterns 
(PSAP)
Embrace automatism/Moro automatism
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slow drift in the opposite direction initiated from 
the frontal eye fields. The fast component by con-
vention defines the direction of the nystagmus 
leading to the well-known mnemonic COWS 
(cold opposite warm same). However, in anaes-
thetised or comatose patients with an intact brain-
stem, the corrective fast saccadic movement is 

absent, and only the slow tonic drift towards the 
side of injection is seen. In brain-dead subjects, 
VOR is absent [10].

Before performing test for vestibulo-ocular 
reflex, auditory canals on both side should be 
examined for patency and intact tympanic mem-
brane. Caloric test is performed injecting 50 mL 

Dilation of the pupil occurs via relaxation of sphincter muscle through central
inhibition of cholinergic innervation and contraction of dilator muscles.
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of ice-cold saline in the ear canal for 5 min with 
patient reclined at 30°. This is followed by 1 min 
of observation. The procedure is repeated on the 
opposite side after 5  min to allow endolymph 
temperature to equilibrate.

14.4.2.4  Pitfalls
The absence of caloric response can also be caused 
by bilateral vestibular failure due to Phenytoin and 
Tricyclic antidepressant toxicity. In such patients 
instead, an oculocephalic response may be elicited 
as the stimulatory afferents derived from the neck 
muscles are usually present.

14.4.2.5  Corneal Reflex
The corneal reflex is tested by brushing a wisp of 
cotton lightly against the cornea or dropping few 
drops of saline from a height of 4–5 in. The nor-
mal reflex results in closure of both eyelids fol-
lowed by upward rolling of both eyeballs (Bell’s 
phenomenon). An intact response affirms the 
integrity of the reflex pathway comprising of 
efferent supply from sensory division of trigemi-
nal nerve via lateral tegmental connections to 
third nerve nuclei in midbrain and seventh nerve 
nuclei in pons.

14.4.2.6  Pitfalls
In comatose patients eliciting the reflex usually 
requires more vigorous stimulation as com-
pared to awake subjects. But care must be 
taken to avoid causing trauma to the cornea 
during the testing. A lesion in the course of 
facial nerve may abolish the blink but Bell’s 
phenomenon should still occur. Corneal reflex 
may be abolished in some subjects who wear 
contact lenses [11].

14.4.2.7  Motor and Sensory 
Response

All motor responses mediated by the brain stem 
must be absent in a patient who is brain dead. 
These include corneal response, jaw jerks, and 
cutaneous response such as snout and rooting 
reflex. Motor response within the cranial nerve 
distribution should be checked by application of a 
noxious stimulus to the supraorbital ridge and nail. 

No motor response in the cranial nerve distribution 
should be elicited in brain-dead patients [7].

14.4.2.8  Pitfalls
The caution should be exercised in patients with 
facial trauma. An injury to the facial nerve can 
blunt corneal response in some patients.

14.4.2.9  Pharyngeal and Tracheal 
Reflex

Gag response is elicited by gently touching the 
post-pharynx by the tongue depressor. Normal 
response results in the elevation of the palate and 
bilateral contraction of the pharyngeal muscles. 
This reflex is mediated by Glossopharyngeal (IX) 
nerve and Vagus (X) nerve.

Cough reflex is tested by observing the 
response to tracheal suctioning. Both afferent and 
efferent are mediated by Vagus nerve [7].

14.4.2.10  Pitfalls
Gag reflex may be difficult to elicit or observe in 
intubated patient.

14.4.3  Apnoea Test

Absence of spontaneous respiratory effort is a 
cardinal finding in brain-dead subjects. 
Demonstration of apnoea requires some prereq-
uisites and preparation. Apnoea test is the last test 
to be performed and is only performed if the 
brain stem reflexes are absent.

The patient should have cardiovascular stabil-
ity. Patients with multiorgan failure, on high 
doses of inotropes, may become unstable during 
the apnoea test. Patients who have severe lung 
injury, pulmonary oedema with low P/F ratio, run 
the risk of becoming hypoxic during the test.

Most countries or regions have specific proce-
dural guidelines for the conduct of the apnoea test. 
The patient should be exposed from the chest up to 
the pubic symphysis to evaluate the slightest of 
respiratory movements. The ventilator is then 
adjusted to ensure normocarbia. The patient is pre-
oxygenated with 100% oxygen for 10–15 min. 
Arterial blood gases should be done to ensure the 
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PaCO2 between 35 and 45 mmHg and PaO2 >200 
mmHg. The patient is then connected to a 6 L/min 
oxygen via a suction catheter inserted via an endo-
tracheal tube (ETT) up to the level of the carina, 
alternatively, a T-piece with continuous positive 
airway pressure at 10 cmH2O. Once the ventilator 
is disconnected, the patient is observed for 8–10 
min for signs of spontaneous respiration. Arterial 
blood gasses are repeated at the end of the obser-
vation period, and the patient is reconnected to the 
ventilator. Apnoea test is deemed positive (sup-
ports the diagnosis of brain death) if no spontane-
ous breathing is detected and PaCO2 is above 60 
mmHg or risen by 20 mmHg the baseline [6, 7].

14.4.3.1  Pitfalls
Cardiac pulsations, shoulder elevation and adduc-
tion, back arching and intercoastal expansion 
without significant tidal volume can give the 
impression of spontaneous breathing.

Clinical tests and pitfalls are summarised in 
Table 14.3.

14.5  Ancillary Tests

Brain death is a clinical diagnosis. Some ancil-
lary tests are mandated to support clinical exami-
nation in some countries. While in others they are 
only necessary if a certain part of the neurologi-
cal examination or apnoea test cannot be per-
formed or validated reliably.

Ancillary tests used are aimed at confirming 
two physiological sequelae that accompany the 
process of brain death. These sequelae are an 
absence of bioelectrical activity in the brain and 
blood flow in the cerebral circulation. This ces-
sation of cerebral blood flow results from a sud-
den and large surge in the intracranial pressure 
above the mean arterial pressure, reducing the 
cerebral perfusion pressure to near zero and 
causing circulatory arrest. However, in the 
majority of the patients, the cessation of the 
cerebral circulation results from a progressive 
increase in the tissue oedema that elevates the 
tissue pressure above the capillary perfusion, 
starting a vicious cycle of increasing vascular 

stasis and oedema. If the organ support is con-
tinued after the brain death that prevents or 
delays somatic death, the lack of cerebral blood 
flow results in autolysis of the brain at the body 
temperature turning it into a soft necrotic tissue 
mass.

Commonly used tests are digital subtraction 
angiography, CT or MRI angiography which rely 
on the absence of contrast filling in intracranial 
blood vessels or the transcranial Doppler that 
shows characteristic flow pattern of systolic 
spikes or reverse flow.

Radionuclide tests such as Technitium -99m 
Hexamethyl-Propylene Amine oxime (99mTc-

Table 14.3 Clinical test, pitfalls, and possible solutions 
(Courtesy of Dr. V. Verma)

Clinical tests Pitfalls Solutions
Identify a clear 
cause of coma

Cause unknown Further 
radiology or 
lab testing

Preconditions
Depressant 
drugs
Neuromuscular 
blocking drugs
Hypothermia
Metabolic & 
Endocrine

Drug 
intoxication
Unknown drugs
Severe metabolic 
disturbances

Wait for drug 
clearance
Check plasma 
levels
Correction of 
underlying 
condition. Lab 
tests and 
ancillary tests

Brain stem tests
Pupillary 
response
Corneal reflex
Caloric response
Motor response 
in cranial nerve 
distribution

Anticholinergic 
drugs
Facial nerve 
injury
Ototoxic drugs
Base of skull 
fracture
Facial fractures
Locked in 
syndrome

Ancillary tests
Evidence of 
pontine injury 
on MR

Apnoea test Presence of 
neuromuscular 
blocking drugs
High spinal cord 
injury
Pre-existing 
respiratory 
illness, e.g. 
COPD
Unstable patient
Spinal reflexes 
triggering the 
ventilator

Nerve 
stimulation
Ancillary 
testing
Starting 
apnoea test 
with a high 
baseline CO2 
which is 
normal for 
patient
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HMPAO) with single-photon emission computed 
tomography (SPECT) scan show an absence of 
brain uptake of tracer in brain-dead patients. 
Somatosensory evoked potential (SSEP) are EEG 
based bedside tests that evaluate the cortical elec-
trical response to stimulation of median nerves. 
In brain-dead patient cortical response is charac-
teristically absent bilaterally 22  ms after the 
stimulation.

14.6  Techniques to Confirm 
Cerebral Circulatory Arrest

14.6.1  Cerebral Digital Subtraction 
Angiography (DSA)

This technique involves the injection of a radio- 
opaque dye into the anterior and posterior cere-
bral vessels under high pressure. The procedure 
involves injecting each of the main intracranial 
arteries separately with a radio-opaque dye 
approximately 20 min apart. In patients who are 
brain dead, no contrast is seen in the intracranial 
courses of internal carotid and vertebral arteries 
on both sides [12] (Fig. 14.3).

While DSA is regarded as a gold standard, it 
suffers from major disadvantages. Angiography 
is a time consuming, and resource-intensive pro-
cedure which can only be performed in large neu-

roscience centres. Complications include 
anaphylactic reaction, nephrotoxicity or vascular 
injury related to the procedure [12].

14.6.2  Cerebral Computerized 
Tomographic Angiography 
(CTA)

CTA involves a rapid intravenous injection of a 
contrast media followed by volume scanning of the 
whole brain. CTA in brain-dead subjects will 
reveal an absence of opacification in the intracra-
nial course of the arteries (Fig.  14.4). This tech-
nique has the advantage of being widely available 
and shorter in duration. High-quality large studies 
to validate CTA are not available. The sensitivity of 
CTA is reported to be poor (52.4%) in one series. 
The reason for low sensitivity is due to persistent 
enhancement of cerebral vessels. More recently 
attempts have been made to use a 7- or 4-point 
scoring system to improve the sensitivity of CTA 
to confirm brain death [13]. These scoring systems 
are based on lack of opacification of peri-callosal 
and cortical segments of the middle cerebral arter-
ies, internal cerebral veins, and the great cerebral 
vein [13]. Various studies have reported that the 
use of the scoring system increases the sensitivity 
to 85.7%. There have been no case reports of false-
positive detection of brain death by the CTA.

a b c

Fig. 14.3 4-vessel digital subtraction angiography in a 
brain-dead patient. (a and b) Shows contrast media in 
right and left common carotid artery (arrows). Contrast is 
also seen in the branches of external carotid artery but 
none in internal carotid artery. (c) Shows contrast only in 

extra-cranial portion of the right vertebral artery (arrow). 
No contrast is seen in the intracranial portion. (Image 
Source: Reproduced under creative common licence cour-
tesy of Dr. Chris O’Donnell, Radiopaedia.org, rID: 16808)
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14.6.3  MRI and MR Angiography 
(MRA)

MRI and MRA can also be used for confirming 
the diagnosis of brain death. In normal circum-
stances, low or dark signal (void) is seeing in the 
blood vessels due to vigorous blood flow. Loos of 
the signal void above the supra-clinoid internal 
carotid artery is suggestive of brain death. MRI 
can be useful to detect anatomical correlates of 
herniation syndromes like central, tonsillar, and 
Uncal herniations. At this moment, due to lack of 
robust evidence, MRI is not considered a valid 
ancillary test [7].

14.6.4  Transcranial Doppler Ultra 
sonography (TCD)

TCD is a non-invasive ultrasound technique that 
uses sound waves in the range of 2 MHz to detect 

and measure blood flow velocity in the intracere-
bral vessels.

As the intracranial pressure rises, there is a 
progressive reduction in the diastolic flow veloc-
ity. This is followed by loss of anterograde dia-
stolic blood flow and appearance of a biphasic 
flow with the retrograde diastolic flow. Eventually, 
diastolic flow is completely abolished, and all 
that remains are systolic spikes (Fig.  14.5). 
Middle cerebral arteries are insonated on both 
sides using temporal windows just above the 
zygomatic arch. Similarly, supra-clinoid internal 
carotid arteries can be studied using orbital win-
dows. The basilar artery is studied using occipital 
windows just below the occipital protuberance.

TCD has many advantages. It is a non- 
invasive, portable test and is usually done on the 
bedside. One major drawback is the lack of 
insonation windows in the skull, which is found 
in 5–10% of the population. In this case, a non- 
diagnostic study due to lack of insonation win-

a ba b

Fig. 14.4 CTA showing absence of opacification of 
intracerebral arteries. Extracranial internal carotid arteries 
and vertebral arteries show contrast uptake. (a) Coronal 

MIP; (b) 3D-Volume rendering reconstruction in the same 
patient. (Image source: Authors own image)
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dows may be misinterpreted as an absence of 
blood flow in the artery.

The sensitivity of TCD for diagnosing brain 
death is in the range of 70–100% and specificity 
of 97–100%. False-positive tests are rare, but 
false-negative tests are frequently reported. It is 
reported that in 17.4% of patients who fit the 
clinical criteria for brain death, persistent blood 
is observed in the intracranial arteries [14, 15]. 
Sometimes signal may also be normal in the 
infratentorial compartment while it is absent in 
the supratentorial compartment.

14.6.5  Cerebral Scintigraphy

This technique measures the failure of uptake of 
the radioisotope nuclide technetium (Tc) 99m 
hexamethyl-propyleneamine oxime (HMPAO) in 
brain parenchyma.

The test is done at the bedside using a portable 
gamma camera after injection of the isotope. A 
static image of 500,000 counts is obtained at sev-
eral time points. A slight modification of the 
technique uses static single-photon emission 
tomography to detect intracranial radionuclide 
activity of TC-99m-HMPAO. This technique cre-
ates a characteristic image which is called a “hol-
low skull sign” (Fig. 14.6a) in patients who are 
brain dead. In addition to an anterior static image, 
flow image reveals a lack of cerebral perfusion 
and uptake.

In brain-dead patients, the nuclear blood flow 
shows the diversion of blood from the internal 

carotid artery to the external carotid artery sup-
plying the face. This phenomenon results in 
another characteristic “hot nose” sign [16] 
(Fig.  14.6b), implying a high concentration of 
the tracer in the nose. A study that compared 
SPECT and cerebral angiography showed that 
both techniques confirmed the brain in 95% of 
patients on initial examination and 100% after 
48 h [17].

14.7  Neurophysiological 
Methods: EEG and Evoked 
Potentials

EEG is required to show the absence of electrical 
activity at a sensitivity of 2  μV for 30  min in 
order to diagnose brain death. EEG can be a reli-
able adjunct to the clinical tests if isoelectric 
activity is detected and confirmed, but there are 
distinct disadvantages which makes it usefulness 
limited. Firstly, EEG only records the cortical 
electrical activity and not brain stem activity. So, 
it is possible to have an isoelectric EEG but with 
residual brain stem activity.

A group of researchers reported a case report 
of a patient with isoelectric EEG due to cardiac 
arrest who showed residual brain stem functions, 
including breathing and a SPECT evidence of 
cerebral blood flow 7 weeks prior to death [18]. 
Secondly, EEG is likely to produce false positives 
due to the effect of sedative drugs, hypothermia or 
metabolic factors. EEG is also prone to interfer-
ence by electromagnetic fields especially com-

a b c

Fig. 14.5 Changes in TCD signal as intracranial pressure 
increases. (a) Normal TCD signal; (b) Reverberating or 
biphasic flow; (c) Systolic spikes. Last (b and c), flow pat-

terns are indicative of cerebral circulatory arrest. (Image 
source: Authors own image)
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mon in intensive care units and electromyographic 
activity which is enhanced in the absence of brain 
electrical activity. Inter and intra-rater variability 
can give rise to diagnostic uncertainty in 20% of 
the patients [19]. Overall the usefulness of EEG in 
diagnosing brain death at best remains limited due 
to myriad confounding factors.

Somatosensory Evoked potential (SSEP) 
assess the functional integrity of posterior col-
umns, medial lemniscus, thalamus, and the sen-
sorimotor cortex. SSEPs are indicative of brain 
death if bilateral cortical responses, 20  s (N20- 
P22) after median nerve stimulus are absent [20] 
(Fig. 14.7). However, in the early stages of brain 
death, SSEP can be normal. This is thought to be 
due to residual activity of the damaged neurons 
still capable of generating a response. This activ-
ity usually fades over a period of 24–48 h [21]. 
Patients who have upper cervical spinal cord 
injury or lesion can produce the same absent cor-
tical response as in brain death. Placement of 
additional nasopharyngeal electrodes has been 
proposed to detect activity in the lower brain 

stem and upper cervical spinal cord. This tech-
nique still requires further validation.

The distinct advantages of evoked potentials 
are that they are widely available, non-invasive, 
cheap, and feasible in hypothermic and sedated 
patients. Disadvantages include the need for 
expertise in interpretation and performance, 
false-negative results thus delaying the diagnosis 
of brain death, possibly of false positive due to 
lesion or injury in the cervico-medullary 
junction.

Table 14.4 summarises ancillary tests, their 
reliability and limitations.

14.8  Diagnosis of Brain Death 
in Infants and Children

The criteria for diagnosing brain death and pre-
conditions are same as in adult patients, but cer-
tain caveats exist pertaining to age group the 
patient belongs to. The need for this distinction is 
due to varying level of brain maturation and resil-

a b

Fig. 14.6 HMPAO spect scan in a brain-dead patient. (a) 
Shows empty skull sign; (b) ‘Hot Nose” sign. (Image 
source: (a) Reproduced under Creative Common License 

Case courtesy of Dr. Yair Glick, Radiopaedia.org (b) 
Reproduced under Creative Common License Case cour-
tesy of Dr. Andrew Dixon, Radiopaedia.org)
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ience to a certain type of brain injury. This results 
in age-dependent observation period and criteria.

14.8.1  Children Older Than 2 Months

There is a general agreement that criteria for 
assessing brain death criteria in adults are appli-

cable. All preconditions should be met with and 
the cause of irreversible coma should be unequiv-
ocally confirmed. It is recommended plasma drug 
levels of barbiturates, and other sedatives should 
be measured to rule out their effect on coma. 
Reversal form neuromuscular blockade must be 
demonstrated by peripheral reflexes or nerve 
stimulation [6].

a

b

Fig. 14.7 (a) Showing normal bilateral somatosensory evoked response N20. (b) Showing absent bilateral somatosen-
sory evoked potential N20 response in a brain-dead patient. (Image source: Authors own image) [74]
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14.8.2  37 Weeks Gestation 
to 2 Months of Age

The most common cause of coma in this age 
group is a hypoxic-ischemic encephalopathy, 
especially that occurs in utero or at the time of 
birth. Such infants are very difficult to assess. It 
may not be possible satisfactorily to demonstrate 
structural brain damage, and the infant may have 
a multisystem failure.

In the USA, the task force considers that in 
certain infants, it may be possible to satisfy all the 
preconditions before the brain death exam. It is 
recommended that two formal brain death exam 
performed 48  h apart with an isoelectric EEG 
should be enough to diagnose brain death [22].

14.8.3  Infants Below 37 Weeks 
Gestation

It is challenging to demonstrate irreversible 
brain injury in this age group as coma and 

apnoea problems are common in this age group. 
The other issue that the development of brain-
stem reflexes in the pre-term infant has not been 
systematically studied. Brain myelination starts 
caudally and posteriorly during the gestational 
period. It is possible that brain stem damage 
will have different effects than those seen in 
older children or adult. Use of brain death con-
cept in this age group may not be appropriate 
and the decision to continue support in inten-
sive care should be based on likely outcome 
after closed and unhurried discussion with the 
family [6].

14.9  Diagnosis of Brain Death 
in Patients with Extra- 
Corporeal Membrane 
Oxygenation (ECMO)

Patients with respiratory and cardiac failure who 
are managed on ECMO are at an increased risk of 
developing cerebral complications leading to 
brain death. Presence of ECMO possess a partic-
ular challenge for performing and interpretation 
of apnoea test. There is also a lack of consistent 
guidelines on the practical aspect of the apnoea 
test in this group of patients.

In August 2020, the steering committee of The 
World Brain Death Project published their rec-
ommendations in order to consolidate practice 
and set standards for declaration of death by neu-
rological criteria. The committee stipulated that 
the preconditions and clinical tests remain same 
as for non-ECMO patient. In addition, following 
recommendations be adhered to while perform-
ing the apnoea test [7].

 1. Apnoea test must be performed in order to 
pronounce brain death, in patients receiving 
veno-venous (VV) or veno-arterial (VA) 
ECMO. If apnoea test cannot be completed or 
conducted due to cardio-respiratory instabil-
ity, then an ancillary test be considered.

 2. In patients receiving VA ECMO, the extra- 
corporeal flow be maintained during the clini-
cal evaluation and apnoea test to maintain a 
minimum mean arterial pressure (MAP) at 
60 mmHg in adults or at an age appropriate 

Table 14.4 Reliability and pitfalls of ancillary tests 
(Courtesy of Dr. V. Verma)

Test Reliability Limitations
4 Vessel 
angiography

Good Requires transport, 
invasive, contrast 
nephropathy, and 
anaphylaxis. Requires 
injection of all four 
vessels

HMPAO 
SPECT

Good Post fossa difficult to 
visualise, uptake affected 
by barbiturates and 
hypothermia

TCD Mixed Operator dependent, lack 
of insonation window in 
5–10% of subject

CT 
angiography/
MR 
angiography

Not 
known

Not validated, may show 
residual flow in proximal 
vessels despite lack of 
brain stem reflexes, 
resource-intensive 
specially MRA

EEG Mixed Measures surface 
activity, subject to 
artefacts

SSEP Good False negatives in early 
stages and high cervical 
cord injury may mimic 
brain death
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target for a paediatric patient. The VA flow 
may be increased to support the MAP before 
or during the test is needed.

 3. Pre-oxygenation must be provided prior to 
testing for all patients receiving ECMO. This 
can be achieved by administering 100% oxy-
gen via the mechanical ventilator and increas-
ing the oxygen in the membrane lung for 
10 min prior to testing.

 4. Some patients on ECMO may not be mechan-
ically ventilated. In these patients oxygen-
ation will depend upon providing 100% 
oxygen via the sweep gas. If oxygenation can-
not be maintained satisfactorily, the test must 
be aborted and probably replaced by ancillary 
testing.

 5. Once arterial blood gas pH reaches less than 
7.30 and PaCO2 60  mmHg (or 20  mmHg 
above the baseline PaCO2 in patients with pre- 
existing hypercapnia), mechanical ventilation 
must be restarted and ECMO sweep gas flow 
rate be returned to the starting value.

14.10  Ethical, Legal, and Religious 
Aspects of Brain Death

Diagnosing death by neurological criteria is a 
relatively new concept in the history of medicine. 
The advancement in critical care medicine has 
made it easier to sustain and maintain metabolic 
and cellular homeostasis after brain death. This 
makes it difficult for general public and family 
members of the patient to accept the concept the 
death when defined by neurologic criteria. 
Despite most legal systems and religions all over 
the world generally accepting the concept of 
brain death public awareness and understanding 
remains inadequate and because of this conflict 
often arise between clinicians and family mem-
bers regarding continuation of organ support.

Such issues are more common in paediatric 
practices [23]. A survey of 201 neurologist in the 
USA concluded that up to 48% of clinicians 
reported encountering situations in which family 
requested continuation of organ support. In this 

survey 48% of the respondent also stated that 
they will continue support due to fear of litiga-
tion [24].

The situation is further complicated by presence 
of inadequate legal mandate accommodating the 
such requests. In the USA alone, despite adoption 
of the uniform determination of death act by all 50 
states recognising the brain death, there is a wide 
variation in the language of actual statute [25]. This 
results in confusion, reduced public acceptance and 
fear of litigation amongst clinicians when declaring 
death by neurological criteria.

Many religions and cultures also do not recog-
nise brain death. In some community death is 
defined solely by absence of heartbeat [26] which 
only comes after withdrawal of organ support in 
brain dead. To some withdrawal of organ support 
may be seen as equivalent to actively killing the 
patient [27]. There is also a wide variation in local 
and national policies regarding the logistics of 
accommodating continuation of organ support 
after declaration of brain death. Also, such poli-
cies remain silent on clear end points of such 
continuation of organ support.

Beyond the medical and scientific rationale 
involved in the determination of brain death and 
its complex relationship between legal and reli-
gious systems doctors face another ethical 
dilemma. This is the dilemma of stewarding 
expensive and limited provision of critical care 
resources. Directing resources to someone who is 
likely to survive as opposed to a brain-dead 
patient who has no chance of recovery [28].

To satisfactorily overcome ethical, legal, and 
religious issues related to brain death a great deal 
of joint up effort is required from various stake-
holders all over the world.

Without a doubt there is a need for uniformity 
in institutional, legal, and religious mandate for 
determination of brain death. There is also a need 
for consistency and uniformity in training of cli-
nicians who are involved in determination of 
death by neurological criteria [29]. This later ini-
tiative will ensure a greater objectivity and accu-
racy in diagnosis eliminating erroneous 
declaration.
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14.11  Donor Management

The number of people awaiting organ donation 
remains an all-time high with a wide gap between 
the supply and demand. World health organiza-
tion’s (WHO) global observatory on donation 
and transplant reported that 146,800 transplants 
occur annually worldwide. However, this figure 
represents a mere 10% of the global needs.

Maximal rate of organ donation remains low 
at 50 donors per million [30] population with sig-
nificant regional and national variation.

A great majority of potential organ donors fail 
to become actual donors due mainly to one of the 
three reasons. Firstly, there is the family refusal 
to consent for organ donation. Secondly, even 
when the family does consent for donation, many 
donors are lost secondary to extreme physiologi-
cal changes that follow brain death, resulting in 
cardiovascular collapse and cardiac arrest. 
Thirdly some donors are deemed unsuitable due 
to end-organ injury resulting from post-brain 
death physiological changes [31].

The process of brain death induces considerable 
haemodynamic, metabolic, and hormonal changes, 
which if left untreated will result in somatic death 
of the patient. Standardising the donor optimisation 
of physiology results in a decrease in loss of donors 
due to circulatory collapse [32]. Papworth pro-
gramme for organ donation in the UK showed that 
84% of donors who were well outside the accep-
tance criteria could be optimised to yield organs 
with useful graft functions [33].

14.11.1  Pathophysiology of Organ 
Failure After Brain Death

A precipitous increase in intracranial pressure 
(ICP) usually precedes the process of brain death. 
This leads to a set of systemic physiological 
changes that occur as the ischaemia spreads in an 
orderly fashion from cerebral hemisphere to the 
spinal cord.

Ischaemia of the pons causes Cushing’s reflex, 
a state of mixed sympathetic and parasympa-
thetic activity manifested by severe hypertension 
and bradycardia. This period is followed by a 

spread of ischemia to vagal nuclei in rostral 
medulla resulting in a state of “catecholamine 
storm” marked by hypertension and tachycardia 
due to unopposed sympathetic activity [34].

In the final moments of the process, the isch-
emia spreads to the upper cervical spinal cord 
due to herniation of cerebellar tonsils through the 
foramen magnum, resulting in a state character-
ised by severe hypotension, bradycardia and a 
rapid cardiovascular collapse, leading to a state 
akin to spinal shock [34].

14.11.1.1  Cardiovascular Effects 
of Brain Death

Catecholamine storm caused by the herniation 
process results in cardiotoxicity via catechol-
amine excess in patients who are brain dead. 
Myocardial necrosis is often seen during histo-
logical examination of the heart in brain dead 
patients with cardiac dysfunction. These histo-
logical findings are similar to those observed in 
experimental animals with catecholamine excess 
and prevented by a total cardiac sympathectomy 
before the cerebral insult [35, 36]. The magnitude 
of catecholamine response and myocardial injury 
seems to be related to the pace at which the intra-
cranial pressure rises after an intracranial event 
causing brain death. In experimental animal 
models, a steep rise in ICP results in a 750-fold 
increase in plasma epinephrine and a 400-fold 
increase in norepinephrine levels which a gradual 
increase results in 175- and 40-fold increase only 
[37].

Indeed, these experimental findings are further 
substantiated by the presence of sudden death and 
cardiac arrest after spontaneous subarachnoid 
haemorrhage (SAH). A meta-analysis of 18 popu-
lation-based studies reported the combined over-
all risk of sudden death for aSAH was 12.4 and 
44.7% for posterior circulation aneurysm [38]. It 
is possible that cause of the ECG abnormalities 
and cardiac involvement in SAH patients can be 
attributed to a sudden rise in ICP [39].

Another group of investigators using a canine 
model demonstrated that haemodynamic insta-
bility in experimental brain-dead animals was 
attributed to vasodilation and reduction in after-
load, which leads to reduced coronary perfusion 
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and decrease in preload. These investigators con-
cluded that myocardial injury caused by brain 
death could be reversed or avoided by correction 
of preload and afterload and the haemodynamic 
collapse noticed after the brain death is due to 
afterload reduction rather than primary myocar-
dial dysfunction [40].

14.11.1.2  Pulmonary Changes
Only 20% of lungs retrieved from donors are 
brain death are used for transplantation [41]. 
There are many factors before and after the brain 
death, which may affect the condition of the 
lungs such as contusions, pneumonia, volume- 
trauma, infection, volume overload, and neuro-
genic pulmonary oedema [42].

Neurogenic pulmonary oedema may occur 
soon after the brain injury and during the event of 
brain death. It is mediated by catecholamine 
storm induced systemic vasoconstriction and an 
increase in cardiac afterload, which in turn 
increases the left ventricle and atrial pressures. 
The resulting pulmonary oedema is caused by the 
combined result of elevated hydrostatic pressure 
and structural damage to the capillary endothe-
lium [43].

Neurogenic pulmonary oedema is defined by 
bilateral pulmonary infiltrates on chest X-ray and 
hypoxemia after exclusion of other causes. One 
study identified the incidence of neurogenic pul-
monary oedema to be 23% in patients with SAH 
who survived to reach the hospital, and it was 
life-threatening in 6% of the patients [44].

14.11.1.3  Endocrine Changes
The disruption of blood supply to the pituitary 
and stress response during the process of brain 
death results in a significant alteration of the hor-
monal milieu of the human body.

Thyroid Hormones
In brain-dead patients, the decline of T3 plasma 
levels is heterogeneous.

Subnormal level of T3 occurs in 60–80% of 
patients, but very low values are seen only in 
15% of the patients. However, this decline in T3 
is also mirrored by an increase in reverse T3 lev-
els. Free T4 levels are decreased only in one-third 

of the patients. Thyroid-stimulating hormone lev-
els remain unchanged in these patients. The pat-
tern of thyroid hormonal alteration is indicative 
of the sick euthyroid syndrome, an adaptive 
response to stress rather than of the neuroendo-
crine failure [42, 45].

The supplementation of thyroid hormones 
after brain death remains controversial. A 
 randomised controlled trial in 80 potential car-
diac donors, low T3 levels were not associated 
with worse haemodynamic indices, and the sup-
plementation of the hormone did not affect the 
retrieval rate beyond that achieved by other com-
ponents of the donor management [46].

Cortisol
Plasma cortisol levels remain within normal lim-
its in most brain-dead patients. However, the rise 
of cortisol in response to ACTH stimulation is 
blunted. In a study of a total of 37 patients with 17 
brain-dead patients, cortisol levels were found to 
be significantly lower in brain-dead patients. Also, 
in the majority of brain-dead patient, the cortisol 
levels failed to increment in response to ACTH 
stimulation, implying a suppression of the hypo-
thalamic-pituitary-adrenal axis. Diurnal variation 
of cortisol was also lost in these patients [47].

Pituitary Hormones
Anterior pituitary hormones are usually detect-
able in the peripheral blood within the normal 
range.

In contrast to that, posterior pituitary hor-
monal functions are lost or severely diminished 
in 80% of the patients [48]. As a consequence, 
most of the brain-dead patient develops diabetes 
insipidus with resultant hypovolemia, electrolyte 
disturbances, and haemodynamic instability.

14.11.1.4  Inflammatory 
and Immunological Aspect 
of Brain Death

The process of brain death triggers an inflamma-
tory response involving pro-inflammatory cyto-
kines and upregulation of major histocompatibility 
antigens (MHC). The consequences of this 
inflammatory state are apparent in all transplant-
able organs. These inflammatory changes and 
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immunological activation eventually result in 
end-organ damage and reduced graft survival.

The blood levels of tumour necrosis factor 
(TNF)-alpha, interleukin (IL)-6, IL-8, IL-1b, and 
IL-2R are elevated after brain death [49]. These 
cytokines activate leukocytes populations and 
adhesion molecules like selectins and intracellu-
lar adhesion molecules (ICAM-1). The adherent 
leukocytes in turn release pro-inflammatory lym-
phokines such as TNF alpha and interferon- 
gamma which mediates the upregulation of major 
histocompatibility complex (MHC) class I and 
class II. MHC upregulation results in graft immu-
nogenicity via T-cell recognition [50].

In renal transplantation, both short- and long- 
term results of unrelated living transplants are 
superior to well-matched cadaveric donor and the 
difference may be attributed to the increased 
cytokine levels in the blood and kidney of brain- 
dead donors [51–53].

The origin of this cytokine activation is not 
well studied but could be explained by catechol-
amine storm and subsequent haemodynamic 
instability that occurs after it. Haemodynamic 
changes if left untreated may cause hypoperfu-
sion and ischemia in various organs leading to 
activation of the cytokine cascade. These changes 
can be mitigated experimentally by the use of 
alpha antagonists and haemodynamic optimisa-
tion by volume loading and noradrenaline infu-
sion [54–56].

14.11.2  Clinical Management

Once a patient is identified as a potential donor, 
every attempt must be made to optimise physiol-
ogy to preserve the functions or organs. Diagnosis 
of brain death marks the shift of paradigm from 
lifesaving to organ preserving.

14.11.2.1  Haemodynamic 
Management

Haemodynamic management after brain death 
can be challenging.

The goal of haemodynamic management 
should be to maintain euvolemia and adequate 
cardiac output to ensure optimal oxygen delivery 

to the tissues. The aftermath of the catecholamine 
storm leads to systemic hypotension, and sus-
tained hypotension is associated with impaired 
graft function. Hypovolemia is common due to 
diabetes insipidus caused by posterior pituitary 
dysfunction, and fluid resuscitation is the first 
step towards optimization. There is no consensus 
on what fluid is best for resuscitation. However, 
recently published Canadian practice guidelines 
have recommended using crystalloids in favour 
of colloid for optimisation of fluid status in organ 
donors [57].

Adequate fluid resuscitation may not be 
enough to restore blood pressure and cardiac out-
put. Majority of donors will require additional 
ionotropic or vasopressor support. In this situa-
tion, vasopressin should be the first vasopressor 
of choice [57]. Vasopressin has a dual effect in 
these situations, an antidiuretic via V2 and a 
vasoconstrictive effect via V1 receptors [58]. 
Practically vasopressin is useful not only for low-
ering the requirements of catecholamines but 
also protects organs for transplantation.

Vasopressin is recommended as first-line 
vasoactive agent for hypotension after brain 
death [57].

Noradrenaline is recommended as a second- line 
agent for vasopressin refractory hypotension [57]. 
Caution should be exercised with the use of high 
dose catecholamines. Higher concentrations of cat-
echolamines are associated with primary nonfunc-
tion of the heart after the transplantation [59].

14.11.2.2  Haemodynamic Monitoring
Routine haemodynamic monitoring in the form 
of invasive arterial blood pressure, central venous 
pressure (CVP) should be routinely employed in 
all donors. Also, if the patient requires vasopres-
sin or noradrenaline, the use of a cardiac output 
monitor is desirable. Routine use of a pulmonary 
artery catheter is not recommended. However, 
serial Echocardiograms can also be used to assess 
cardiac functions [57].

14.11.2.3  Thyroxine 
Supplementation

The evidence for thyroxine supplementation after 
brain death is not robust. Four randomised con-
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trol trials did not show any improvement in the 
number of transplantable hearts following sup-
plemental of thyroid hormone in brain-dead 
donors [46, 60–62]. Another large retrospective 
cohort study from United Network for Organ 
Sharing (UNOS), reported a favourable associa-
tion of T3/T4 supplementation on heart recov-
ered, patient and graft survival after 1 and 
12 months. However, thyroid hormone was given 
with other hormones as a part of therapy bundle, 
thereby firm conclusion could not be drawn about 
the exclusive effect of the thyroid supplementa-
tion on the outcome [63].

Given the absence of proven benefits on heart 
retrieval rate, cardiac functions and post- 
transplantation patient and graft survival, the rou-
tine use of thyroid hormones is not recommended 
at the present time. However, as there is no pub-
lished evidence of physiological harm of thyroid 
hormone supplementation, the decision to use it 
must be based on local guidelines and merits of 
individual situations [57].

14.11.2.4  Pulmonary Care
The wide gap between demand and supply of 
organs available for donation is most serious for 
patients awaiting lung transplantation. The pro-
curement of lungs remains low, and a recent lon-
gitudinal audit reported a lung procurement rate 
of 20% in a cohort of 2359 eligible lung donors 
[64].

Lung-protective strategies should be practised 
in all actual and potential donors. Lung-protective 
strategies are defined as low tidal volume 6–8 mL/
kg of predicted body weight, PEEP of 
8–10  mmHg and recruitment manoeuvre after 
any disconnection from the ventilator [57].

A randomised control trial of lung-protective 
strategies in potential organ donors after brain 
death has shown to increase the number of eligi-
ble and harvested lungs compared to the conven-
tional strategy [65].

Bronchoscopy is advisable initially as a diag-
nostic and therapeutic tool to aspirate secretions, 
to detect evidence of active bronchitis or aspira-
tion, and to obtain a bronchoalveolar lavage spec-
imen for culture [66]. The inhaled beta-2 
adrenergic agonists can also be given to decrease 

excessive alveolar fluid by increasing its clear-
ance [67].

14.11.2.5  Immunosuppressive 
Strategies

Brain death triggers a pro-inflammatory state that 
leads to an increase in immunogenicity of the 
organs are suitable for donation by upregulation 
class 1 and class 2 MHC antigens [50].

Intravenous corticosteroids can be used for 
donors needing vasopressor support [57]. High 
dose Methylprednisolone when given to brain- 
dead donors can reduce the serum and tissue 
expression of pro-inflammatory cytokines com-
parable to that of living donors [68]. Pratschke 
and colleagues demonstrated in a randomised 
control trial in 100 brain-dead patients that use of 
methylprednisolone resulted in significant down-
regulation of MHC class 2 expression, ameliorat-
ing ischaemic reperfusion injury, and incidence 
of acute rejection after liver transplantation [69]. 
A retrospective review of records of thoracic 
organ procurement from the California transplant 
donor network showed that the use of corticoste-
roid and clear breath sounds were two indepen-
dent predictors of successful lung donation in a 
multivariate analysis [70].

A single bolus dose of 15 mg/kg body weight 
should be considered in all donors soon after 
brain death [71].

Therapeutic Hypothermia
Therapeutic hypothermia or targeted temperature 
management is used commonly in most critical 
care units. Hypothermia may offer protection to 
donor kidneys by reducing metabolism and 
reduction of free-radical production. A ran-
domised control trial on 394 brain-dead patients 
studied the impact of mild hypothermia (34–
35  °C) on the delayed renal graft functions. 
Patients were randomised to mild hypothermia 
and normothermia (36.5–37.5 °C). The primary 
outcome was delayed graft function (the require-
ment for dialysis during the first week after trans-
plantation). Delayed graft function occurred in 
29% of the 280 patients in the hypothermia group 
compared 39% of 286 patients in the normother-
mia group [72]. Recently published Canadian 
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clinical practice guidelines on donor manage-
ment recommended the use of mild hypothermia 
in all patients unless kidneys are ruled out for 
donation [57].

14.11.3  Conclusion

Even though the concept of brain death was first 
introduced 50-years ago, wide variations in 
practice, criteria and standards exist globally. 
The tests are performed chiefly by intensive care 
physicians. However, most physicians involved 
in the testing learn to perform these on the job 
rather than a formal structured training process. 
Although national guidelines exist to stan-
dardise the process for the diagnosis of brain 
death, they do not address the current variations, 
inconsistencies, and training gaps in the perfor-
mance of the clinical tests. These training incon-
sistencies with many pitfalls of clinical 
examination and ancillary tests can lead to 
errors or delays in diagnosing brain death. 
Therefore, international consensus is necessary 
to standardise physician training, pre-condi-
tions, procedures for clinical examination, and 
the apnoea tests.
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