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Preface

It has already been a year since the publication of the first volume of the
Stroke Revisited series under the title Volume 1: Diagnosis and Treatment of
Ischemic Stroke. As promised, the second volume has now been published
under the title Volume 2: Hemorrhagic Stroke. 1 have tried to publish the sec-
ond volume as early as possible with the help of the experiences gained from
the previous publication. However, since it is an edited book for which manu-
scripts are gathered from many physicians, professors, and scientists around
the world, the publication has been made much later than anticipated. I would
like to apologize to readers who have shown great interest in the first volume
and have waited for the second one.

As its title suggests, this book is a textbook that summarizes hemorrhagic
stroke. Stroke can be largely divided into ischemic and hemorrhagic stroke.
Although it is common to find books on ischemic stroke, not many books deal
with hemorrhagic stroke. Even experts assume that the topic of stroke con-
cerns ischemic stroke; this shows how the perception of hemorrhagic stroke
is low while it is often misunderstood. Ischemic stroke accounts for 85% of
all stroke cases, whereas hemorrhagic stroke accounts for 15%. In other
words, the incidence rate of hemorrhagic stroke is less than 1/5 of that of
ischemic stroke. However, since hemorrhagic stroke has a mortality of
40-50%, it has a much higher severity. Moreover, hemorrhagic stroke shares
the same pathophysiology as ischemic stroke, particularly lacunar infarction
caused by small vessel occlusion, and numerous patients have both types of
stroke. Therefore, it is necessary to understand ischemic and hemorrhagic
stroke in a comprehensive manner. Although there is no systematic classifica-
tion system for hemorrhagic stroke, it is largely classified into intracerebral
hemorrhage (ICH) occurring within the brain parenchyma and subarachnoid
hemorrhage (SAH) occurring within the subarachnoid space surrounding the
brain. In ICH, arteriolosclerosis occurs in penetrating arteries due to risk fac-
tors such as long-standing hypertension within the brain parenchyma, and
these arteries rupture suddenly. In SAH, aneurysm (frequently caused by con-
genital defects) in large intracranial arteries bursts. Causes of two types of
hemorrhagic strokes, ICH and SAH, are clearly different, and most books
have explained the two diseases separately. Moreover, although healthcare
systems differ in each country, ICH is often treated by physicians related to
neurology while SAH is often treated by neurosurgeons, further adding to the
understanding of the two diseases as separate. However, this textbook seeks
to explain the following aspects of these two diseases under the classification
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of hemorrhagic stroke: causes, pathophysiology, clinical manifestations,
diagnosis, treatment, and prevention. As the editor of this book, I recommend
readers to read this book cover to cover while understanding the overall orga-
nization of the book rather than reading certain chapters only. This will enable
the readers to comprehensively understand all clinical aspects of hemorrhagic
stroke while also learning the newest findings on diagnosis and treatment.

Not many textbooks deal with stroke even until today. I used two or three
books during my residency and fellowship although these were not sufficient
to deliver the knowledge in stroke care that improved greatly in 1990-2000.
Owing to brain MRI and CT imaging, it has become possible to gain an
immediate understanding of a patient’s pathophysiology changing moment
by moment. Nevertheless, most textbooks published previously strived to
explain the outdated neurological examinations, being unable to support the
advances made in the practice field. Moreover, most textbooks listed minute
details about research findings that often conflicted and lacked appropriate
diagrams and sufficient explanation of the core concepts. Although it would
have also been true for other areas, studying stroke required great persever-
ance then.

With the developments of smartphones and tablets, all people around the
globe are now communicating through social media and are living in a previ-
ously inexperienced wealth of information. Along with recent technological
advances, textbooks that deliver medical knowledge should change to be able
to deliver information in a concise yet precise way. Moreover, it is necessary
to minimize the amount of contents in each chapter, use many visual dia-
grams to deliver concepts, refrain from listing unnecessary research findings,
and deliver information while considering practice guidelines serving as stan-
dards of clinical practice nowadays. I was determined to write a textbook
reflecting such changes and contacted Springer Nature. Springer Nature has
been very cooperative with my requests and planned a new textbook series
under the title Stroke Revisited. In fact, it is not easy to publish a textbook
series while communicating from Korea with a publisher based in Europe due
to various obstacles, including language. I would like to thank the many staff
members of Springer Nature who have nevertheless helped with the publica-
tion of this book.

This textbook targets trainees, such as residents and fellows, physicians,
and scholars in their early career majoring in stroke, as well as other physi-
cians and researchers in other fields who aim to study stroke. The relatively
shorter chapters concern one subject at a time whenever possible; in this
regard, I have strived to organize them concisely in order for the readers to be
able to read them in one sitting. I have minimized unnecessary descriptions
and inserted at least one conceptual figure or diagram per chapter to aid the
readers’ understanding. The textbook consists of two parts as follows. Part
I—General facts on hemorrhagic stroke—explains the epidemiology, classi-
fication, risk factors, and pathophysiology of hemorrhagic stroke. Part II—
Diagnosis and treatment of hemorrhagic stroke—explains the latest findings
in diagnosis and treatment of hemorrhagic stroke. Since most textbooks are
organized according to the traditional academic formats, it is difficult to
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obtain knowledge required in clinical settings. I have put my utmost efforts to
deliver clinical knowledge from real clinical settings in a concise manner.
Meanwhile, since this is a textbook on hemorrhagic stroke, I have strived to
put together the best academic expertise and latest findings. I sincerely hope
that such efforts would come across to the readers effectively.

In order to organize the textbook with full details of the newest knowl-
edge, each chapter was written by the best medical scientists from around the
world. I wholeheartedly thank all authors from around the globe who have
participated in this process. I hope that this textbook will be evaluated highly
and act as a good example for future textbooks.

Seoul, South Korea Seung-Hoon Lee
April 2018
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Introduction on Hemorrhagic

Stroke

Seung-Hoon Lee

1.1 Introduction

Stroke is a disorder that represents abrupt focal
neurological symptoms resulting from brain
tissue damage from the vascular origin. The
vascular origin referred to here is divided into
occlusion and rupture of the cerebral vessels,
which cause ischemic and hemorrhagic strokes,
respectively. For ischemic stroke, we have a
widely used classification system such as
Oxfordshire =~ Community Stroke Project
(OCSP) and Trial of ORG 10172 in Acute
Stroke Treatment (TOAST), but there has not
been such an agreed classification system for
hemorrhagic stroke. The reason for classifying
stroke subtypes is to distinguish the patho-
physiology of strokes and to establish appro-
priate treatment and prevention methods
accordingly. In ischemic stroke, it is not easy
to distinguish its pathophysiology of the dis-
ease in the early stage, and the classification
systems are quite beneficial. In contrast, with
brain computed tomography, in hemorrhagic
stroke, it is relatively easy to identify its patho-
physiology even in the early stage, and the
classification system has not generally been

S.-H. Lee
Department of Neurology, Seoul National University
Hospital, Seoul, South Korea

Korean Cerebrovascular Research Institute,
Seoul, South Korea
e-mail: sb0516@snu.ac.kr
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needed. However, for a better understanding
and treatment of hemorrhagic stroke, it is nec-
essary now to have a proper classification
system.

1.2 Definition, Classification,
and Epidemiology of

Hemorrhagic Stroke

Hemorrhagic stroke refers to a disorder in which
hemorrhages occur in the brain parenchymal
area, subarachnoid space, or intraventricular
space spontaneously due to abrupt rupture of
intracranial blood vessels. Hemorrhagic condi-
tions must occur spontaneously or primarily
without effects of trauma and include intracere-
bral hemorrhage (ICH), subarachnoid hemor-
rhage (SAH), intraventricular hemorrhage (IVH),
subdural hemorrhage (SDH), and epidural hem-
orrhage (EDH). EDH, which is induced by head
trauma in most cases, generally does not meet the
criteria of hemorrhagic stroke, but spontaneous
subacute or chronic cases of SDH can be
included. Hemorrhagic stroke predominantly
occurs in the form of ICH or SAH. Because IVH
usually accompanied ICH or SAH, isolated IVH
is quite rare accounting for 3% of the total intra-
cranial hemorrhage [1]. Hemorrhagic stroke can
be classified according to the pathophysiology as
follows: (1) ICH, (2) SAH, and (3) other
intracranial hemorrhages — primary IVH, sponta-
neous SDH, etc. (Fig. 1.1). Classification of

3
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Hemorrhagic stroke

Intracerebral hemorrhage
(ICH)

Subarachnoid hemorrhage

(SAH)

Arteriolosclerosis-
related ICH

Cerebral amyloid
angiopathy-related ICH

Aneurysmal SAH

Intraventricular
hemorrhage

SAHs resulting from
other specified causes

Spontaneous subdural
hemorrhage and etc.

* Intracranial artery dissection
* Arteriovenous malformation
* Arteriovenous fistula and etc.

ICHs resulting from other

specified causes

Arteriovenous malformation
Arteriovenous fistula
Cavernous hemangioma
Moyamoya disease

Brain tumor

Cerebral venous thrombosis
Intracranial aneurysm
Coagulopathy and etc.

Fig. 1.1 Classification of hemorrhagic stroke

hemorrhagic stroke may be often confused when
it occurs as a mixed type (e.g., ICH with SAH).
In this case, I determine the classification under
the basic rule that it should be based on the pri-
mary site of blood vessel rupture.

The overall incidence of hemorrhagic stroke
is 15-40 per 100,000 individuals of the popula-
tion. While ischemic stroke represents approxi-
mately 85% of total stroke, hemorrhagic stroke
accounts for approximately 15% (ICH, 10-15%
vs. SAH, about 5%) [2, 3]. In terms of ICH, the
incidence varies widely among ethnic groups
with the highest in Asia. According to a meta-
analysis of 36 studies from 1983 to 2006, the
incidence of ICH in races per 100,000 popula-
tion was 24.2 for white, 22.9 for black, 19.6 for
Hispanic, and 51.8 for Asian [4]. In the Global
Burden of Disease 2010 study, which included a

variety of studies published from 1990 to 2010,
the number of hemorrhagic stroke patients
worldwide increased by 47%; compared with an
8% reduction in incidence of hemorrhagic
stroke and a 38% reduction in mortality in high-
income countries, middle- and low-income
countries showed a 22% increase in incidence
and a 23% reduction in mortality [5]. With
regard to SAH, the incidence is about 9 per
100,000 people, and the prevalence increases
with age. Ethnicity is known to be relatively
high in Japan [6]. Compared with a lower inci-
dence than ICH’s, the prognosis of SAH is much
worse. Approximately 15% of SAH patients die
before arriving at the hospital, with a case fatal-
ity of approximately 50% and a posttreatment
failure of 20%. Despite advances in therapy,
case fatality was only slightly reduced [7].
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1.3  General Facts About ICH
ICH can be defined as a disease representing sud-
den neurological symptoms caused by a sponta-
neous bleeding in the brain parenchymal area
without trauma and is associated with hyperten-
sion, cerebral amyloid angiopathy (CAA), arte-
riovenous malformation (AVM), cavernous
hemangioma, moyamoya disease, brain tumor,
cerebral venous thrombosis, intracranial aneu-
rysm, coagulopathy, etc. For convenience of
practice, ICHs are often divided as supratentorial
(lobar, putaminal or thalamic ICH) and infraten-
torial ICH (pontine or cerebellar ICH) depending
on location, which may be helpful for the patient’s
treatment. On the other side, as described in other
chapters of this book (Chaps. 2 and 3), hyperten-
sion- or CAA-related ICH often refers to “pri-
mary” ICH, and the other ICHs are regarded as
“secondary” ICH, accordingly. However, I do not
consider this classification as appropriate because
pathophysiologic consideration is limited. What
is the reason why hypertensive arteriolosclerosis
or amyloid angiopathy are denied as primary
lesions? I claim that concepts using primary or
secondary ICH are not valid on the basis of
pathophysiology. Here, I present a new classifi-
cation system for ICH as follows: (1) arterioscle-
rosis-related ICH, (2) CAA-related ICH, and (3)
ICHs resulting from other specified causes —
AVM, arteriovenous fistula, cavernous hemangi-
oma, moyamoya disease, brain tumor, cerebral
venous thrombosis, intracranial aneurysm, coag-
ulopathy, etc. (Fig. 1.1).
Arteriolosclerosis-related ICH, classified here,
has been generally referred to as hypertensive
ICH. Arteriolosclerosis is a chronic cerebral
microangiopathy occurred in penetrating small
arteries and leptomeningeal arteries as a direct
pathological finding leading to hemorrhage.
Although hypertension is the most important risk
factor for this type of hemorrhage, arteriosclerosis
can be induced by aging, smoking, and other risk
factors, in addition to hypertension. Four major
types of arteriolosclerosis are (1) lipohyalinosis,
(2) microaneurysm, (3) microatheroma, and (4)
fibrinoid necrosis. Among them, both lipohyali-
nosis and microaneurysm are responsible for

ICH, but lipohyalinosis is more frequently found
as background pathologic findings in patients
with ICH. Moreover, lipohyalinosis is the most
common underlying pathologic findings of lacu-
nar infarctions, and this lesion should be under-
stood as a main cause of both ischemic and
hemorrhagic stroke. All of the arteriolosclerosis
findings are also closely related to white matter
lesions (also known as leukoaraiosis) and micro-
bleeds [8]. These lesions are predominantly found
in the deep brain structure (basal ganglia and thal-
amus) where blood pressure is the largest in brain.
CAA is a disease that causes vessel dilatation and
focal wall fragmentation due to accumulation of
congophilic amyloid protein in small- and
medium-sized arteries and arterioles located in
the cortex and its surrounding leptomeningeal
space. CAA-related ICH occurs mostly in the
cerebral cortex or cerebellum because these CAA
findings mainly involve blood vessels around the
cortex. In AVM or AVF, bleeding may occur due
to high-flow shunt in anomalous connections
between arteries and veins. In moyamoya disease,
complication of ischemia-induced angiogenesis
due to progressive stenosis of distal internal
carotid arteries may cause ICH. Here, I do not use
the terms primary or secondary in our classifica-
tion. Because the hemorrhagic stroke including
ICH is defined as “spontaneous (or primary)”
bleeding, there is a risk of confusion if ICHs are
divided into primary and secondary. In addition,
since ICH occurs basically in vascular pathology,
differentiation of primary or secondary ICH is not
scientific. Risk factors for ICH will be covered in
more detail in Chap. 2.

1.4  General Facts About SAH

SAH refers to neurologic conditions resulting
from a rupture of the cerebral large arteries in the
subarachnoid space between the pia mater and
the arachnoid mater of three membranes sur-
rounding the brain, leading to blood extravasa-
tion to the subarachnoid space. Except for
traumatic SAH, 85% of spontaneous SAH is
caused by a rupture of intracranial aneurysms,
and direct causes are not found in approximately
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10% of SAH. In addition, intracranial artery dis-
section, AVM, and AVF may be rare causes of
SAH. The classification of SAH is described in
Fig. 1.1.

Most frequently ruptured aneurysms in the
intracranial arteries are 2.5—-4 mm in size. Rupture
of aneurysm causes bleeding in various subarach-
noid spaces such as suprasellar cistern, sylvian
fissure, ambient cistern, and quadrigeminal cis-
tern depending on the location of the rupture. The
bleeding may extend to the ventricular spaces.
The shape of the aneurysm is varied, with saccu-
lar aneurysm being the most common, with vari-
ous forms such as fusiform aneurysm, bleb
formation in cerebral aneurysm, and blood blister
aneurysm. Bleb formation or blood blister aneu-
rysm has a greater risk of rupture. High SAH
amount, consciousness impairment, and hydro-
cephalus due to ventricular obstruction are the
poor prognosis factors. In contrast, if the patients
have alert consciousness, or mild headache with-
out neurologic symptoms, the prognosis will be
better. Thus, a fast and appropriate diagnosis with
severity grading is required in practice. For more
information, see Chap. 7.

Other Intracranial
Hemorrhage

1.5

IVH refers to conditions with acute hemorrhage
in the ventricle. Major causes of IVH are as fol-
lows: (1) hemorrhage in the ventricle secondary
to ICH, (2) a rupture of anterior communicating
artery aneurysm, (3) hemorrhage from choroidal
plexus around the brain parenchyma (usually
caudate nucleus) around the ventricle, and (4)
hemorrhage in the ependymal wall, such as
AVM. Secondary IVH has a worse prognosis
than primary IVH, especially in case of hydro-
cephalus caused by obstruction of the third ven-
tricle or fourth ventricle.

SDH occurs as a rupture of the bridging veins
in the subdural space, and EDH is caused by a
rupture of the middle meningeal artery or a
branch of the maxillary artery in the epidural
space. These diseases are usually caused by

trauma and are generally not included in the hem-
orrhagic stroke category. However, without a his-
tory of apparent head trauma, spontaneous SDH
can be included in this category and is manifested
as various symptoms such as headache, cognitive
disorder, and gait disorder of subacute course,
causing confusion with degenerative diseases.

Conclusion
Compared to ischemic strokes, concepts and
classification of hemorrhagic strokes have not
been clearly understood, because of relatively
low incidence of hemorrhagic stroke and lack
of interest.

In terms of studying and practicing the
hemorrhagic stroke, there is a need for a clear
classification based on the exact concept of
disease and the pathophysiology. I hope that
suggested classifications in this chapter would
help to resolve these issues.
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Risk Factors for Hemorrhagic

Stroke

Alessandro Biffi

2.1 Risk Factors for Intracerebral
Hemorrhage
2.1.1 Pathophysiology and Risk

Factors for Primary
Intracerebral Hemorrhage

Intracerebral hemorrhage (ICH) is the acute mani-
festation of a chronic progressive disease of the
cerebral vessels [1]. The underlying vessel disease
can be a mass, vascular malformation or other
macroscopic abnormalities. However, for patients
over the age of 55 years, the overwhelming major-
ity of ICH cases occur in the presence of cerebral
small vessel disease [2]. A number of pathology
correlates have been identified, including (1)
prominent degeneration of the arteriolar media
and smooth muscles and (2) fibrinoid necrosis of
the subendothelium with micro-aneurysms and
focal dilatations. ICH is routinely classified
according to the region of the brain in which it
occurs: the thalamus, basal ganglia, brain stem,
cerebellum (“deep” or “non-lobar” ICH), or at the
junction of the cortical gray matter and subcortical
white matter (“lobar” ICH). Pathological studies
demonstrate that ICH location frequently
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correlates with different underlying small vessel
diseases. Arteriolosclerosis leads to non-lobar ICH
due to rupture of vessels damaged by long-stand-
ing, uncontrolled hypertension. Lobar ICH is more
often associated with cerebral amyloid angiopathy
(CAA), a degenerative disorder characterized by
deposition of f-amyloid at capillaries, arterioles,
and small- and medium-sized arteries in the cere-
bral cortex, leptomeninges, and cerebellum [3].
CAA is associated with sporadic ICH, preferen-
tially lobar in location and affecting elderly indi-
viduals. From an epidemiological standpoint,
CAA-related ICH is associated with higher risk of
recurrence than non-lobar, hypertensive ICH [4].
This section will present risk factors for ICH and
existing evidence supporting their role in increas-
ing ICH risk, as also summarized in Fig. 2.1.

2.1.2 Family History and Genetic
Risk Factors

From a genetic epidemiological standpoint, ICH
syndromes can be characterized as either (1)
familial, with an easily identifiable hereditary
transmission pattern within families with multi-
ple affected individuals, or (2) sporadic, with no
overt evidence of familial inheritance [5].

2.1.2.1 Familial ICH

Multiple familial ICH syndromes, manifesting
only in selected families with highly consistent
phenotypes and a clear autosomal dominant
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Strength of available evidence
Strong Moderate Weak
Family history
Race / ethnicity
Substantial APOE gene
(>100% risk Age Sympathomimetic drugs
modification) Hypertension
Alcohol consumption
Oral anticoagulation
Statin use
Modest Body mass index Cholesterol levels Chronic kidney disease
Effect size | (50-99% risk y i

modification) Antiplatelet agents

Minimal
(<50% risk
modification)

SSRI antidepressants

Fig.2.1 Risk factors for intracerebral hemorrhage (ICH).
Risk factors for ICH are presented and classified based on
effect size (see figure for description) and strength of
available, published evidence. Evidence strength defined
as follows: Weak: evidence from a single study or con-
flicting results from multiple studies. Moderate: evidence

inheritance pattern, have been described [3, 5].
These syndromes usually reflect an underlying
familial CAA disorder [3]. Familial forms of
CAA (Table 2.1) generally present with more
severe clinical manifestations than sporadic CAA
and are almost always characterized by earlier
age of onset, more severe clinical course, and ear-
lier age of death [3]. Unlike sporadic CAA and
CAA-ICH, these familial forms are very rare in
the general population; indeed, they present only
in selected families and usually are transmitted as
autosomal dominant disorders. From a clinical
perspective, both sporadic and familial CAA are
often responsible for substantial cognitive impair-
ment, but ICH is not a consistent feature of all
familial forms (see Table 2.1). Of note, different
individuals with the same mutation may present
with substantially different clinical phenotypes
(pleiotropy). For example, one kindred with the
Towa mutation (substitution of asparagine for
aspartate at position 23) had a history of recurrent
ICH; in another kindred, individuals presented

Sleep apnea Migraine headache

Lifestyle / Activity
722 locus
COL4A7 gene Sex / Gender
COL4A2 gene

from multiple studies, with one conflicting study at most.
Strong: evidence from multiple studies and/or meta-anal-
ysis, without substantial conflicting findings and/or het-
erogeneity upon meta-analytical pooling. SSRI selective
serotonin reuptake inhibitors

with dementia and leukoaraiosis, but not
ICH. These findings suggest that additional
genetic factors likely modify the strong effect of
this mutation (and other familial CAA muta-
tions), although it does not appear that the APOE
gene (see Sect. 2.1.2.2) is such a factor [6].

2.1.2.2 Sporadic ICH

Despite the existence of numerous familial
ICH syndromes, the vast majority of ICH in the
general population occurs as a sporadic event,
unaccompanied by an easily identifiable strong
family history. However, modern genetic epi-
demiology tools clarified that genetic risk fac-
tors play a substantial role in determining the
risk for sporadic ICH. Investigators within the
International Stroke Genetics Consortium
(ISGC) estimated ICH risk heritability at 44%
(standard error, 11%) in the first study to
address this question [7]. While the precision
of such estimates is limited by the small sam-
ple sizes available, thus far, these results
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provide compelling evidence for a substantial
contribution of genetic variation to risk of spo-
radic ICH.

For sporadic lobar ICH, the €2 and €4 alleles
of the apolipoprotein E (APOE) gene play a pri-
mary role in determining genetic risk. Indeed, in
the population-based Greater Cincinnati/
Northern Kentucky Study, the risk factor
accounting for the largest proportion of cases of
lobar ICH was possession of the APOE €2 or €4
allele, resulting in a population-attributable risk
of 29% [6]. A multicenter meta-analysis pub-
lished in 2010 and including more than 2000
ICH cases and more than 4000 controls defini-
tively showed an association between APOE
genotype and lobar ICH risk [8]. Of note, the
association was also extended to individuals of
African-American ancestry. A number of addi-
tional loci have been investigated for association
with sporadic CAA-ICH. A variant within the
CRI1 gene previously associated with AD risk
and pathology burden, single-nucleotide poly-
morphism (SNP) rs6656401, was found to be
associated with both CAA-ICH risk and vascular
amyloid burden [9]. Multiple variants within the
translocase of outer mitochondrial membrane 40
(TOMMA40) gene, lying in close proximity to the
APOE locus, were associated with amyloid
plaque and vascular burden, but not with CAA-
ICH risk [10]. A consistent trend toward an asso-
ciation between CAA  pathology and
rs1800470 in the transforming growth factor-p1
(TGF-pI) gene was reported by two studies
(total of 449 participants) [11, 12]. However,
none of these associations have been indepen-
dently confirmed by multicenter large lobar/
CAA-ICH studies to date.

As for non-lobar ICH risk, it is generally
assumed to be less influenced by genetic risk fac-
tors than lobar, CAA-related ICH. However,
results from the population-based Greater
Cincinnati/Northern Kentucky Stroke Study sug-
gest that a large proportion of the population-
attributable risk for deep ICH (about 20%)
remains unexplained by known risk factors
(including hypertension, which accounts for
roughly 50% of the risk) [13]. These findings

were confirmed by an ISGC collaborative study
utilizing multicenter data [7]. These findings sug-
gested that genetic risk loci for deep ICH exist.
This hypothesis was recently confirmed by find-
ings from the ICH genome-wide associations
study (GWAS) conducted by the ISGC [14]. This
study included (1) a discovery phase comprised
of a case cohort of 1545 individuals (664 lobar
and 881 non-lobar cases) and a control cohort of
1481 individuals and (2) a replication phase com-
prising a case cohort of 1681 individuals (484
lobar and 1194 non-lobar cases) and a control
cohort of 2261 individuals. The investigators
identified and replicated an association between
deep ICH risk and genetic variant rs2984613 at
the 1q22 locus. The 1g22 locus contains a num-
ber of genes, with PMF1 and SLC25A44 being of
highest interest for further biological dissection.
PMF1 codes for polyamine-modulated factor 1, a
nuclear protein regulated by polyamines required
for normal chromosome alignment and kineto-
chore formation during mitosis. SLC25A44
encodes solute carrier family 25-member 44, a
member of the SLC25 family of mitochondrial
carrier proteins. Of note, multiple variants at
1q22 associated with deep ICH risk were subse-
quently associated with cerebral white matter
lesion burden, providing independent evidence of
a biological role in cerebral small vessel disease
[15, 16].

Previously published evidence suggested that
APOE €4 might also increase risk of deep ICH,
albeit with a significantly smaller effect size
when compared to the effect on lobar (CAA-
related) ICH [8]. This finding suggests that mul-
tiple, beta-amyloid-independent mechanisms
could underlie the impact of APOE on ICH, both
lobar and deep. A subsequent analysis of the risk
of ICH recurrence found that APOE e(epsilon)4
carriers were at elevated risk of deep ICH recur-
rence (hazard ratio 1.31; 95% confidence interval
1.02-2.69) [17]. Low-density lipoprotein (LDL)
cholesterol was found to modulate part of the
effect of APOE on deep ICH risk, further sup-
porting the hypothesis that APOE influences ICH
risk by both beta-amyloid-dependent and inde-
pendent mechanisms.
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2.1.2.3 COL4A1-/COL4A2-Related
Intracerebral Hemorrhage

The COL4AI and COL4A2 genes are located in
tandem on chromosome 13q34 and encode the
collagen chains a1(IV) and a2(IV), which con-
stitute a major component of the vascular base-
ment membrane. Rare mutations within the
COL4A1 gene on chromosome 13q34 (encoding
the alphal chain of type IV collagen) gene have
been associated with autosomal dominant syn-
dromes manifesting variably with perinatal
intracerebral hemorrhage (ICH) with conse-
quent porencephaly, adult-onset ICH (all ana-
tomical locations), small foci of chronic blood
products in normal (or near normal) brain tissue
known as microbleeds, lacunar strokes, and leu-
koaraiosis (white matter damage). Most disease-
causing mutations in this setting are missense
variants involving a highly conserved hydro-
phobic glycine residue, which results in inhibi-
tion of heterotrimer deposition into the vascular
basement membrane and altered structural prop-
erties. When imaged with electron microscopy,
the basement membrane is uneven, with incon-
sistent density and focal disruptions [18].
Ultimately, these changes lead to increased fra-
gility of vessel walls and ICH. Of note, COL4A 1
appears to play a major role in determining
cerebral vessel tolerance to minor head trauma,
as surgical delivery of mouse pups bearing a
mutated COL4A]I allele can prevent the severe
perinatal cerebral hemorrhages that occur in
spontaneous live births [19]. In humans,
impaired responses to even mild trauma may
include variable clinical manifestations such as
subclinical microbleeds, subarachnoid hemor-
rhage, and devastating ICH.

A number of studies have explored potential
associations between genetic variation at
COLA4A]I and sporadic ICH. Rare, non-synony-
mous variants in COL4A [ were identified in spo-
radic ICH cases, but not controls. Furthermore,
these mutations impaired COL4A] secretion in
striking similarity to mutations causing familial
syndromes [20]. Previous studies had suggested
that genetic variation within COL4A2 (which is
structurally and functionally associated with

COLA4AI) was also associated with sporadic ICH
risk [21]. More recently, a multi-consortium
effort uncovered evidence of association between
common genetic variants at the COL4Al/
COLA4A2 locus and a number of phenotype asso-
ciated with cerebral small vessel disease. An
intronic variant at COL4A2 was found to be asso-
ciated with deep ICH, lacunar ischemic stroke,
and white matter disease severity among stroke
patients [22]. Taken together, these findings
strongly support a role for collagen I'V deposition
and function in sporadic ICH and other manifes-
tations of cerebral small vessel disease.

2.1.3 Race and Ethnicity

A number of studies have identified disparities in
ICH incidence based on self-reported race/eth-
nic background. Seminal observations in Greater
Cincinnati metropolitan area in the United States
demonstrated that black (i.e., African-American)
individuals had 1.4 times the risk of intracerebral
hemorrhage. Of note, among those age of 75 or
younger, the risk of intracerebral hemorrhage
among blacks was 2.3 times that of whites (95%
confidence interval, 1.5-3.6), whereas the risk
among those 75 or older was one fourth that of
whites (95% confidence interval, 0.1-0.8). These
observations suggested differential effects on
race/ethnicity on ICH risk based on underlying
etiology, as hypertensive hemorrhages are more
common among younger individuals compared
to amyloid-related hemorrhages [23]. A follow-
up epidemiological study conducted in the same
metropolitan area confirmed higher ICH inci-
dence rates for blacks (48.9/100,000 persons) vs.
whites (26.6/100,000 persons). Annual incidence
rates per 100,000 black individuals in lobar,
deep cerebral, brain stem, and cerebellar loca-
tions were 15.2, 25.7, 5.1, and 2.9, respectively.
Annual incidence rates per 100,000 whites in the
same locations were 9.4, 13.0, 1.3, and 2.9. As
expected, the greatest excess risk for ICH among
black individuals (compared with whites) was
found among young- to middle-aged (35—
54 years) persons with brain stem (RR, 9.8; 95%
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CI, 4.2-23.0) and deep cerebral (RR, 4.5; 3.0-
6.8) hemorrhage [24]. In another population-
based study conducted in Northern Manhattan
(USA), compared with whites, ICH relative risk
was found to be higher for blacks for all ICH
locations (3.8, 95% confidence interval 2.2-8.9),
deep ICH (4.8, 95% confidence interval 2.3—
21.1), and lobar ICH (2.8, 95% confidence inter-
val 1.2-14.4). For Hispanics, the relative risk of
ICH was higher for all ICH locations (2.6, 95%
confidence interval 1.4-6.1) and deep ICH (3.7,
95% confidence interval 1.7-16.5), but not lobar
ICH (1.4, 95% confidence interval 0.4-7.4) [25].
These findings strongly imply racial/ethnic dif-
ferences in the role of chronic hypertension in
determining risk of lobar ICH, especially non-
lobar ICH. More recently, investigators in the
United States launched and completed the eth-
nic/racial variations of intracerebral hemorrhage
(ERICH) study, aimed at recruiting a large sam-
ple of ICH cases of white, black, and Hispanic
racial/ethnic background (1000 participants in
each category), with matched ICH-free controls
[26]. Results from the ERICH study clarified
that both treated and untreated hypertension
exert a larger effect as ICH risk factors among
blacks and Hispanics (compared to whites),
regardless of ICH location [27]. Several reports
have also clarified that individuals of Asian
ancestry are at highest risk for ICH, accounting
for the fact that ICH accounts for ~ 10% of
strokes in Europe and Northern America but up
to 18—24% of all strokes in Korea and Japan
[28-30]. A systematic review of all published
evidence in 2010 confirmed most aforemen-
tioned observations, identifying ICH incidence
per 100,000 person-years of 24.2 (95% confi-
dence interval 20.9-28.0) in white people, 22.9
(95% confidence interval 14.8-35.6) in black
people, 19.6 (95% confidence interval 15.7—
24.5) in Hispanic people, and 51.8 (95% confi-
dence interval 38.8-69.3) in Asian people. It is
likely that observed differences in ICH incidence
based on race/ethnicity are deeply linked to bio-
logical, socioeconomic, and geographical dis-
parities in hypertension risk and management.

2.1.4 Sexual Differences in ICH Risk

A number of observational studies conducted in
different populations reported higher ICH inci-
dence among men compared to women. An ini-
tial systematic review and meta-analysis of
available evidence in 2003 found the crude rela-
tive ratio for sex effects (male vs. female) on ICH
incidence was 3.73 (95% confidence interval
3.28-4.25) [31]. However, in a later meta-analy-
sis of published evidence conducted in 2010
including 8145 patients with ICH incidence was
not found to be significantly lower in women
than in men (overall incidence ratio 0.85, 95%
confidence interval 0.61-1.18) [32]. It is likely
that disparities in ICH risk between sexes may
reflect differential impact of other established
risk factors (e.g., age at time of ICH, hyperten-
sion incidence and severity, alcohol consump-
tion). However, primary biological effects related
to genetic, hormonal, or metabolic differences
cannot be ruled out, and additional studies will be
required to advance our understanding of the
impact of sex on ICH risk.

2.1.5 Hypertension

Among modifiable risk factors, hypertension is
arguably the most important for development of
spontaneous ICH [33]. While estimates vary,
most studies suggest at least a doubling in risk
for ICH associated with hypertension. As
expected based on known ICH pathophysiology,
the contribution of elevated blood pressure to
ICH risk is greater for non-lobar ICH than for
lobar ICH [34]. In a meta-analysis that pooled
data from 28 studies, hypertension was twice as
common in patients with deep ICH as in patients
with lobar ICH (odds ratio (OR) 2.1, 95% confi-
dence interval 1.82-2.42) [35]. More recently,
however, hypertension has been implicated in
recurrence risk for both lobar and non-lobar
ICH, with comparable effect sizes [4]. A number
of pitfalls exist in our current understanding
of the association between ICH risk and
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hypertension. No study to date has identified
specific blood pressure measures and their rela-
tionship to ICH risk. The role of blood pressure
variability, while explored in stroke at large and
ischemic stroke in particular, has not been the
topic of dedicated investigations as it pertains to
ICH risk [36]. As mentioned above, racial/ethnic
and geographical differences in hypertension
risk, diagnosis, and management are likely to
account at least in part for differences in ICH
incidence across the world.

2.1.6 Advancing Age

Advancing age has been consistently reported
as a risk factor for ICH, with a systematic
review of existing evidence being compiled in
2003 [31]. In this report the author attempted a
meta-analysis of 14 case-control and 11 cohort
studies of ICH. In cohort studies, the crude rel-
ative risk in ICH incidence for age (per every
10-year increase) was estimated at 1.97 (95%
confidence interval 1.79-2.16). A more recent
inpatient database study from the Netherlands
estimated ICH incidences (per 100,000 indi-
viduals) of 5.9 among those age 35-54 years,
37.2 among those age 55-74 years, and 176.3
among those age 75-94 years old in 2010 [37].
A subsequent systematic meta-analysis pub-
lished in 2010 confirmed the association
between advancing age and increasing ICH
incidence; using the age group 45-54 years as
reference, incidence ratios increased from 0.10
(95% confidence interval 0.06-0.14) for people
aged less than 45 years to 9.6 (95% confidence
interval 6.6-13.9) for people older than
85 years. These findings likely reflect the
chronic nature of cerebral small vessel disease
underlying most cases of ICH, especially
among those age 55 years and above. The slow
but constant accumulation of small vessel
abnormalities (due to either chronic hyperten-
sion or CAA) is likely to steadily increase risk
for ICH over time, resulting in higher risk with
advancing age. Furthermore, it is likely that

advancing age also reflects increasing degree of
hypertension severity and/or treatment resis-
tance, in itself major risk factors for ICH [38].

2.1.7 Alcohol Consumption

A previously mentioned systematic review
found an association between alcohol consump-
tion and ICH incidence: among participants
enrolled in case-control studies, the crude odds
ratio for high alcohol intake (which was defined
in a very variable manner across studies) was
3.36 (95% confidence interval 2.21-5.12) [31].
These findings were confirmed in a more recent
systematic review and meta-analysis, which
found high alcohol consumption (>2—4 drinks/
day) to be associated with a modestly increased
risk for both ICH and subarachnoid hemor-
rhage. Furthermore, the relative risk for heavy
drinking (>4 drinks/day) was 1.67 (95% confi-
dence interval 1.25-2.23) [39]. More recently,
the ERICH study investigators conducted a
more systematic case-control study of alcohol
consumption and ICH risk. Patterns of alcohol
consumption were categorized as none, rare (<1
drink per month), moderate (>1 drink per month
and <2 drinks per day), intermediate (>2 drinks
per day and <5 drinks per day), and heavy (>5
drinks per day). The investigators demonstrated
an ordinal trend for alcohol consumption
increasing ICH risk, ranging from rare use (odds
ratio 0.57 compared to none) to moderate (odds
ratio 0.65), to intermediate (odds ratio 0.82),
and finally to heavy alcohol consumption (odds
ratio 1.77). In subgroup analyses rare and mod-
erate alcohol consumption were jointly associ-
ated with decreased risk of both lobar and
non-lobar ICH. Heavy alcohol consumption was
specifically and robustly associated with
increased non-lobar ICH risk (odds ratio 2.04),
with the effects being even more detrimental
among black and Hispanic participants. The
underlying pathophysiology linking high alco-
hol intake with increased ICH risk remains only
partially understood. Most hypotheses revolved
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around regular and/or sizable alcohol consump-
tion resulting in increased blood pressure (espe-
cially systolic blood pressure) and coagulation
cascade abnormalities [40, 41].

2.1.8 Low Cholesterol and Statin
Use

A number of studies reported an inverse relation-
ship between total and/or LDL-cholesterol and
ICH risk, with individuals showing low levels
being at highest risk [42-46]. These and similar
findings were compiled in a meta-analysis in
2013, including 23 studies with 7960 hemor-
rhagic strokes (including both ICH and subarach-
noid hemorrhage) [47]. In a dose-response
analysis, the summary relative risk of hemor-
rhagic stroke for 1 mmol/L increment of total
cholesterol was 0.85 (95% confidence interval
0.80-0.91), for high-density lipoprotein choles-
terol was 1.11 (95% confidence interval 0.99—
1.25), and for low-density lipoprotein cholesterol
was 0.90 (95% confidence interval 0.77-1.05).
The pooled relative risk for intracerebral hemor-
rhage was 1.17 (95% CI, 1.02-1.35) for high-
density lipoprotein cholesterol. Of note, in at
least one study association between cholesterol
levels and ICH incidence was stronger for non-
lobar/hypertensive ICH than lobar hemorrhage
[45]. Also of note, in a recent systematic review
and meta-analysis relationships between choles-
terol levels and risk of hemorrhagic stroke
(including both ICH and subarachnoid hemor-
rhage) differed between East Asian and non-East
Asian populations [48]. In terms of ICH risk,
East Asians displayed no significant difference
between high and low total cholesterol (relative
risk =1.30, 95% confidence interval, 0.89-1.90),
whereas among non-East Asians, low total cho-
lesterol conferred higher ICH risk (relative
risk = 1.70, 95% confidence interval 1.08-2.67).
With respect to subarachnoid hemorrhage risk,
among East Asians low total cholesterol con-
ferred higher risk (relative risk = 1.48, 95% con-
fidence interval 1.10-2.08), whereas non-East
Asians displayed no significant difference in risk
based on total cholesterol levels.

In light of the aforementioned results, a num-
ber of studies sought to identify potential associ-
ations between statin use (with associated
lipid-lowering effects) and increased risk of pri-
mary ICH. However, a meta-analysis of data
derived from 31 randomized controlled trials
failed to identify associations between active
statin therapy and significant increase in ICH risk
(odds ratio 1.08; 95% confidence interval 0.88—
1.32) [49]. Specifically, ICH risk was not related
to the degree of low-density lipoprotein reduction
or achieved low-density lipoprotein cholesterol.
However, in a more recent meta-analysis of seven
randomized clinical trials (involving 31,099
interventions subjects and 31,105 placebo sub-
jects), high-dose statin therapy (defined as atorv-
astatin 80 mg, simvastatin 80 mg, pravastatin
40 mg, or rosuvastatin 20 mg per day) was asso-
ciated with a significant increase in ICH risk
(relative risk 1.53, 95% confidence interval 1.16—
2.01) [50]. Because of these contradictory results
and of the limited understanding of the biological
mechanisms linking cholesterol levels, statin use
and ICH risk optimal decision-making in regard
to cholesterol treatment for ICH survivors remain
controversial. Ultimately, additional studies will
be required to clarify whether statin use is safe in
patients with history of, or at high risk for, ICH.

2.1.9 Chronic Kidney Disease

Chronic kidney disease (CKD) was found to be a
risk factor for ICH in a population-based study
and cohort study including 4937 participants
[51]. A number of limitations to this study were
noted, chiefly including low number of hemor-
rhagic stroke events (n = 88) and joint analysis of
ICH and subarachnoid hemorrhage as outcomes.
A number of biological hypotheses may account
for these findings, including (1) platelet dysfunc-
tion and bleeding propensity in individuals with
chronic kidney disease and (2) chronic kidney
disease which may represent a marker/analogue
phenomenon to hypertensive cerebrovascular
small vessel disease, the major mechanism
accounting for ICH risk (and especially for non-
lobar, hypertensive ICH). Supporting the latter
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theory is one study’s findings associating CKD
with a greater presence and number of cerebral
microbleeds among patients with ICH [52].
Interestingly, these findings were also replicated
in neurologically healthy adults, suggesting that
chronic kidney and cerebral small vessel disease
may be concomitantly present from the initial,
subclinical stages [53]. Future studies will be
required to clarify whether early diagnosis and/or
treatment of chronic kidney disease may modify
the natural history of cerebral small vessel dis-
ease and prevent ICH events.

2.1.10 Body Mass Index

Extremes of body mass index (BMI) are associ-
ated with increased incidence of ICH in several
published studies [23]. In one case-control study
including 384 ICH cases, low BMI (<18.5 kg/m?)
and very high BMI (>30.0 kg/m?) were associ-
ated with deep ICH risk (odds ratio 1.76 and
1.75, respectively, both p < 0.05). However, no
association effect was found for lobar ICH. These
findings suggest that biological effects related to
extremes of weight primarily impact the hyper-
tensive subtype of cerebral small vessel disease.
Proposed biological mechanisms accounting for
these findings include low cholesterol levels (for
low BMI) and increased hypertension incidence
and severity as part of the metabolic syndrome
complex (for high BMI), though additional stud-
ies will be required for further clarification.

2.1.11 Medication and Recreational
Drugs Increasing ICH Risk

Selective Serotonin

Reuptake Inhibitors

Selective serotonin reuptake inhibitors (SSRIs)
have been associated with bleeding risk in gen-
eral, as well as with intracranial hemorrhage, and
specifically with intracerebral hemorrhage. In a
meta-analysis of all published evidence, ICH was
associated with SSRI exposure in both unad-
justed (relative risk 1.68, 95% confidence inter-
val 1.46-1.91) and adjusted (relative risk 1.42,

2.1.11.1

95% confidence interval 1.23—1.65) analyses. Of
note, in a subset of five studies (three of intracra-
nial hemorrhage and one each reporting hemor-
rhagic stroke and intracerebral hemorrhage),
SSRI exposure in combination with oral antico-
agulants was associated with an increased risk of
bleeding compared with oral anticoagulants
alone (RR 1.56, 95% CI 1.33-1.83). These find-
ings are presumed to be related to known effects
of SSRIs on platelet aggregation and thromboge-
nicity [54].

2.1.11.2 Statins

The existing evidence on the relationship between
statin use and ICH risk has been summarized
above. Briefly, a meta-analysis of data derived
from 31 randomized controlled trials failed to
identify associations between active statin ther-
apy and significant increase in ICH risk [48].
However, in a more recent meta-analysis of seven
randomized clinical trials, high-dose statin ther-
apy was associated with a significant increase in
ICH risk (relative risk 1.53, 95% confidence
interval 1.16-2.01) [50].

2.1.11.3 Sympathomimetic Drugs
Associations have been reported between ICH
and sympathomimetic drugs such as cocaine,
heroin, amphetamine, and ephedrine, particularly
in young patients [55]. The biological mecha-
nisms accounting for cocaine-induced stroke in
general (and ICH in particular) remain unclear. A
number of contributing factors likely to be
involved include vasospasm, cerebral vasculitis,
enhanced platelet aggregation, cardioembolism,
and hypertensive surges associated with altered
cerebral autoregulation [56]. Of note, several
studies have reported frequent angiographic
abnormalities (up to 40%) in young patients
diagnosed with ICH in the setting of cocaine use.
Arteriography is therefore recommended as part
of the evaluation of most young patients with
non-traumatic ICH [57].

2.1.11.4 Anticoagulation Agents

Oral anticoagulation with warfarin (and other
vitamin-K antagonists [VKA]) has been found to
increase ICH risk by two- to fivefold, depending
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upon the intensity of anticoagulation [58]. As a
result, VKA anticoagulation is estimated to
account for approximately 5% of all non-trau-
matic ICH events in the United States annually.
Of note, warfarin-associated ICH incidence was
reported on the rise in the 1990s in the United
States due to the increasing use of warfarin in
older adult patients [59]. Multiple studies reported
that combining warfarin with aspirin results in
doubling of ICH risk, compared with similar
intensity warfarin anticoagulation alone, thus
resulting in an overall five- to tenfold increase in
risk compared to no antithrombotic treatment at
all [60]. ICH risk has been found to be lower
among patients with non-valvular atrial fibrilla-
tion taking new oral anticoagulants (i.e., dabiga-
tran, rivaroxaban, and apixaban), even when
compared with well-controlled warfarin. Indeed,
these agents have demonstrated increase in ICH
risk comparable to aspirin monotherapy [61].
Combining new oral anticoagulation agents with
aspirin increases the risk of ICH approximately
twofold in published studies, while combination
of new oral anticoagulants and dual antiplatelet
therapy (i.e., aspirin plus clopidogrel) increases
the risk of ICH an additional two- to threefold. It
is important to remember that, in terms of abso-
lute risk, ICH incidence rates remain relatively
low even among those using anticoagulation
agents. In most published studies, spontaneous
ICH rates average 0.15% per year. Among those
anticoagulated with warfarin (goal INR 2.0-3.0),
ICH increases to 0.3-0.8% per year. Among
patients taking new oral anticoagulation agents,
ICH rates range from 0.2 to 0.8% per year. In the
ATLAS-2 trial, rivaroxaban in addition to dual
antiplatelet therapy (aspirin plus clopidogrel) at
doses of 2.5 or 5 mg twice daily resulted in
increase in yearly ICH incidence 0.2-0.4% and
0.6%, respectively [61]. These relatively small
absolute increases in ICH risk are generally offset
by much larger reductions in ischemic stroke
events attributable to oral anticoagulation.
However, absolute increase in ICH is substan-
tially higher among certain ICH patient popula-
tions (especially those diagnosed with CAA), thus
warranting a personalized approach to oral antico-
agulation initiation and/or resumption [62].

2.1.11.5 Antiplatelet Agents

Antiplatelet agents (mainly aspirin and clopido-
grel) were found to carry a small absolute
increased risk of primary ICH based on meta-
analysis of randomized controlled trial data
[63]. In a subsequent review, ICH risk associ-
ated with aspirin use (for primary and secondary
prevention of coronary heart disease) to be 0.2
events per 1000 patient years [64]. Existing evi-
dence estimates dual antiplatelet therapy (aspi-
rin plus clopidogrel) to increase ICH risk by
approximately twofold compared with aspirin
alone (0.4 vs. 0.2%) [65]. Of note, use of non-
steroid anti-inflammatory drugs (NSAIDs) does
not appear to increase ICH risk in published
studies [61].

2.1.12 Other ICH Risk Factors

2.1.12.1 Sleep Apnea

Sleep apnea has been associated with increased
risk for stroke in general, and hemorrhagic stroke
in particular, with the bulk of available data per-
taining to ICH [66]. These associations are most
likely based on the known hemodynamic altera-
tions associated with sleep apnea (especially
obstructive sleep apnea), resulting in increased
hypertension [67]. Published evidence suggests
that obstructive sleep apnea is associated with
increased likelihood of observing cerebral micro-
bleeds on MRI, an established marker of cerebral
small vessel disease, and associated with
increased ICH risk [68].

2.1.12.2 Migraine and ICH Risk

A number of studies initially raised the possibil-
ity of migraine headache being associated with
increased ICH risk [69]. In a meta-analysis of 8
studies (4 case-control and 4 cohort studies)
involving a total of 1600 hemorrhagic strokes,
the effect estimate of hemorrhagic stroke in sub-
jects with any migraine versus control subjects
was 1.48 (95% confidence interval 1.16-1.88)
[70]. However, this study was limited by at least
modest statistical heterogeneity in its results, as
well as by the lack of specification of hemor-
rhagic stroke subtype (ICH vs. subarachnoid
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hemorrhage). However, in a more recent study
involving 1797 incident cases of intracerebral
hemorrhage (ICH) and 1340 of subarachnoid
hemorrhage (SAH), the odds ratio of ICH among
migraine patients was 1.2 (95% confidence inter-
val 0.9-1.5) and of SAH was 1.2 (95% confi-
dence interval 0.9—1.5) [71]. Additional studies
will be required to clarify whether migraine is
associated with sporadic hemorrhagic stroke sub-

types (if any).

2.1.12.3 Lifestyle and Activity

A number of lifestyle, activity, and occupational
factors have been associated with increased hem-
orrhagic stroke and/or ICH risk. In a nationwide
matched case-control study conducted in Korea
including 940 cases of incident hemorrhagic
stroke cases (498 ICH cases and 442 subarach-
noid hemorrhage cases), blue-collar workers
(compared to white collar workers) had a higher
risk for hemorrhagic stroke (odds ratio 1.33, 95%
confidence interval, 1.06—1.66). Longer working
hours were also associated with increased risk of
hemorrhagic stroke. Exposure to >8 h/week of
strenuous activity was also associated with hem-
orrhagic stroke risk (odds ratio 1.61, 95% confi-
dence interval 1.26-2.05), when compared with
no strenuous activity. It is likely that these find-
ings may reflect differences in hypertension
severity based on duration/intensity of work-
related activities.

2.2 Risk Factors
for Subarachnoid
Hemorrhage

2.2.1 Pathophysiology and Risk

Factors for Subarachnoid
Hemorrhage

Approximately 10-15% of all strokes are hem-
orrhagic in nature, with subarachnoid hemor-
rhage (SAH) and ICH each accounting for
5-10% each. Despite recent improvement in
therapeutic and supportive care strategies, SAH
remains one of the most fatal forms of stroke.
Survivors are also commonly affected by cogni-

tive impairment, mood disorders, fatigue, and
sleep disturbances [72]. In approximately 85%
of SAH cases, the underlying etiology is rupture
of saccular intracranial aneurysms. Other causes
of SAH that will not be reviewed here include
trauma, arteriovenous malformations/fistulae,
several vasculitides, intracranial arterial dissec-
tions, and subarachnoid extension of intraparen-
chymal bleeding. It is worth clarifying that risk
factors for aneurysm formation, rupture of an
unruptured aneurysm, and aneurysmal subarach-
noid hemorrhage largely overlap. Studies of
SAH risk factors to date resulted in oftentimes
conflicting evidence, likely reflecting bias in the
studies and/or incomplete understanding of the
biological mechanisms underlying aneurysms’
formation and rupture. This section will be pres-
ent risk factors for SAH and existing evidence
supporting their role in increasing SAH risk, as
summarized in Fig. 2.2.

2.2.2 Family History and Genetic
Risk Factors

2.2.2.1 Family History of SAH and/or
Intracranial Aneurysms

In regard to genetic contribution, SAH cases due
to aneurysmal rupture can be classified as either
sporadic (with no report family history) or famil-
ial (one of more family members affected).
Familial clustering studies identified a threshold
of two (or more) first-degree relatives with SAH
as conferring the highest degree of risk [73, 74].
Family history of SAH (defined as two first-
degree relatives with SAH) is associated with
increased personal risk and accounts for 11% of
all SAH events [75]. Overall, SAH risk is two- to
sevenfold increased among first-degree relatives
of SAH patients than in the general population.
First- and second-degree relatives of patient diag-
nosed with SAH or an unruptured intracranial
aneurysm also have a greater risk of an unrup-
tured IA (8.7-13.9%), compared with the general
population (1%). However, risk for SAH due to
aneurysmal rupture among second-degree rela-
tives of SAH patients is similar to the general
population.
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Strong

Family history
Cigarette smoking
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Hypertension
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(>100% risk
modification)

Alcohol consumption

Modest
(50-99% risk
modification)

Effect size

Minimal
(<50% risk
modification)

Multiple genetic loci

Fig. 2.2 Risk factors for subarachnoid hemorrhage
(SAH). Risk factors for SAH are presented and classified
based on effect size (see figure for description) and
strength of available, published evidence. Evidence
strength defined as follows: Weak: evidence from a single
study or conflicting results from multiple studies.

2.2.2.2 Genetic Association Studies
of SAH and/or Intracranial
Aneurysms

Because environmental and modifiable risk fac-
tors play a substantial role in determining SAH
risk, it is possible that familial co-exposure may
be falsely attributed to genetic influences on SAH
risk. Identification of specific gene variants and
loci affecting SAH risk is therefore a necessary
logical step in clarifying the genetic architecture
of this disorder. Candidate gene association stud-
ies of SAH and/or intracranial aneurysms identi-
fied numerous potential risk variants. However,
these studies have been historically limited by
small sample sizes and lack of consistent replica-
tion of reported findings. GWAS conducted in the
last decade provided an opportunity for more
robust, unbiased survey of the entire genome for
associations with traits of interest. A recent meta-
analysis pooled results from 61 studies (both can-
didate genetic studies and GWAS), including

Strength of available evidence

Moderate Weak

Geographical variations

Sympathomimetic drugs

Race / Ethnicity
Body mass index
Statin use
Diabetes mellitus

Cholesterol levels
Short-term aspirin use

Recent physical exertion = Regular physical exercise

Moderate: evidence from multiple studies, with one con-
flicting study at most. Strong: evidence from multiple
studies and/or meta-analysis, without substantial conflict-
ing findings and/or heterogeneity upon meta-analytical
pooling

32,887 cases of SAH/intracranial aneurysms and
83,683 controls data from [76]. A total of 11 risk
variants located in eight genetic loci of interest
were found to be consistently associated with
intracranial  aneurysms, including  9p21
(rs1333040 and rs10757278), 8qll (variants
rs9298506  and  rs10958409),  4q31.23
(rs6841581),  9p21.3  (rs2891168), 2qg33
(rs1429412 and rs700651), 7q13 (rs4628172),
12922 (rs6538595), and 20p20.1 (rs1132274).
Several genes of interest corresponding to these
findings may shed additional light on the patho-
physiology of SAH/aneurysm formation. SNP
rs1333040 (chromosome 9p21.3) is located in the
cyclin-dependent kinase inhibitor 2B (CDKN2B)
antisense gene locus, which is associated with a
wide spectrum of arterial disorders (including
coronary artery disease and abdominal aortic
aneurysms). These findings raise the possibility
of shared common biological processes underly-
ing several common cardiovascular conditions;
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unfortunately the exact function of the CDKN2B
gene is not fully understood [72]. SNP
rs10757278 on chromosome 9p21.3 is located in
a noncoding RNA region called ANRIL (anti-
sense noncoding RNA in the INK4 locus), whose
function remains unclear. However, prior func-
tional studies suggest a relationship with expres-
sion of the CDKN2B and CDKN2A genes,
involved in cell cycle signaling [77]. Two SNPs
on chromosome 8q (rs10958409 and rs9298506)
surround the SOX17 gene, which plays an impor-
tant role in generation and maintenance of stem
cells of endothelial and hematopoietic lineages,
crucial in the formation and maintenance of vas-
cular endothelium. SNP rs6841581 is located on
chromosome 4q31.23, coding for the endothelin
receptor type A (EDNRA) gene, a G-protein-
coupled receptor for endothelins. The EDNRA
gene protein product is thought to modulate vaso-
constriction and vasodilatation after hemody-
namic insult, therefore likely impacting aneurysm
formation risk. SNPs rs1429412 and rs700651
are located at 2q33 and flank both the BOLL
gene (involved in germ cell development) and the
phospholipase C-like 1 gene (involved in intra-
cellular cascade reactions with abolished phos-
pholipase C activity). SNP rs4628172 on
chromosome 7 is located within the TMEM 195
gene, which encodes transmembrane proteins,
possibly involved in fatty acid biosynthesis and
iron binding.

2.2.3 Race/Ethnic and Geographical
Differences in SAH Risk

The overall incidence of SAH in population-based
studies (including out-of-hospital deaths) has
been estimated at 9.1/100,000 people per year,
with 95% confidence interval of 8.8-9.5 [78].
However, substantial regional variations in inci-
dence have been reported. In the United States,
the incidence is reportedly between 10 and
15/100,000. Much lower rates have been reported
in China (2/100,000) and in South and Central
America (4/100,000), while higher rates are
reported in Finland and Japan (19 to 23/100,000).
It is currently widely debated whether these varia-

tions reflect the true underlying differences based
on racial/ethnic/geographic factors, as opposed to
differences in case ascertainment and capture
across different studies. In one US study includ-
ing 107 SAH patients, the overall age-adjusted
risk ratio in Mexican-Americans compared with
non-Hispanic whites was 1.67 (95% confidence
interval 1.13-2.47) [79]. These findings are in
contrast with low overall SAH incidence rates in
South and Central America, likely pointing to a
complex interplay of genetic, cultural, and geo-
graphic factors in determining any association of
race/ethnicity with SAH risk.

2.24 Advancing Age

Multiple studies have shown increasing SAH
incidence with age. In a systematic review and
meta-analysis, the existing calculated SAH inci-
dence for average age 35 years was 8.6/100,000
(95% confidence interval 8.0-9.2). For every
year of increase in mean age, SAH incidence was
found to be 1.06 times higher (95% confidence
interval 1.05-1.07) [78]. Among age categories,
SAH incidence ranged from 2.0/100,000 (95%
confidence interval 1.6-2.6), for those aged
<25 years, to 31.3/100,000 (95% confidence
interval 24.6-39.8) among those age > 85 years.
Overall these findings likely reflect prolonged
exposures to other established SAH risk factors
(smoking, hypertension, alcohol consumption)
among older individuals. It is worth noting that
the aforementioned systematic review found that
at younger ages (<45 years), SAH incidence was
slightly higher in men, whereas in the fifth decade
and beyond, SAH incidence was markedly higher
in women. These findings point to hormonal
effects and related changes later in life as crucial
factors in the association between age and SAH
risk among women.

2.2.5 Sexual Differences in SAH Risk

As mentioned above, SAH incidence is approxi-
mately 1.6 times higher in women than in men,
but this difference becomes evident only after
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the fifth decade [78]. Estrogen and, less com-
monly, progesterone, have been postulated to
have protective effects and thus to contribute to
the increased SAH incidence in postmenopausal
women. However, a recent meta-analysis showed
that while these hormones might affect SAH
risk, existing data are conflicting [80]. Among
participants in 18 studies, the combined adjusted
odds ratios for SAH were 1.31 (95% confidence
interval 1.05-1.64) for current use of combined
oral contraceptives, 0.90 (95% confidence inter-
val 0.74-1.09) for ever combined oral contracep-
tive use, 0.86 (95% confidence interval
0.69-1.08) for current use of hormone replace-
ment therapy, 0.74 (95% confidence interval
0.54-1.00) for ever use of HRT, and 1.29 (95%
confidence interval) for postmenopausal women.
Similarly, while prior studies reported associa-
tions between SAH risk and parity or age at
menarche, this systematic review found results
to be heterogeneous. Additional studies are
therefore required to more definitively ascertain
how hormonal levels and their changes over time
directly impact SAH risk.

2.2.6 Cigarette Smoking

Cigarette smoking appears to be the most power-
ful modifiable risk factor for SAH [81]. In pub-
lished longitudinal and case-control studies, the
reported relative risks associated with smoking
are of 2.0 and above. Most studies demonstrated
a dose-dependent effect of cigarette smoking on
SAH risk, with heavy smokers being at higher
risk than lighter smokers. Individuals who stop
smoking were shown to have decreasing SAH
over time, with benefits less evident for prior
heavy smokers [81]. In one cohort study, smok-
ing was found to be a stronger SAH risk factor
in women than men [82]. Similarly, in another
study hypertension and smoking history inter-
acted to increase risk above the level expected
from the sum of the two independent effects
[83]. A number of putative biological mecha-
nisms have been postulated to account for the
association between smoking and SAH risk

[84]. Smoking has been found to promote
increase in blood levels of proteases (such as
elastase) and to influence their activity, thus
potentially contributing to vessel wall damage.
Smoking also leads to elevated fibrinogen blood
levels, potentially resulting in increased blood
viscosity and increased hemodynamic stress.
Additionally, transient blood pressure elevations
have been documented for hours after smoking,
likely due to nicotine-induced catecholamine
release leading to increased hemodynamic stress.
Finally, smoking has been shown to exert anties-
trogenic effects, thus likely nullifying the previ-
ously discussed beneficial effects of estrogens
on SAH risk.

2.2.7 Hypertension

Hypertension has been associated with an
increased SAH risk in multiple studies, with rel-
ative risk ratios ranging from 2.0 to 3.4 [84].
Hypertension is thought to impact risk for aneu-
rysm formation and rupture by (1) causing
increased endothelial damage; (2) leading to
ischemic occlusion of the arterial vasa vasorum;
(3) altering biosynthesis of elastin and collagen;
(4) causing indirect vessel wall damage by
affecting endothelial production of several mol-
ecules, including matrix metalloproteinase-13
and NO; and (5) causing direct mechanical dam-
age by increasing hemodynamic stress on the
vessel wall of cerebral arteries [84]. As previ-
ously mentioned for hypertension and ICH risk,
our understanding of the association between
SAH risk and hypertension remains incom-
plete. Existing evidence has failed to uncover
specific blood pressure measures/treatment
goal specifically associated with increased
SAH risk. The role of blood pressure variability
(if any) in determining SAH risk remains poorly
understood and is the topic of limited investiga-
tive efforts. Finally racial/ethnic and geograph-
ical variations in hypertension epidemiology
likely account, at least in part, for previously
presented regional differences in SAH incidence
worldwide.
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2.2.8 Alcohol Consumption

The relationship between alcohol consumption
and increased SAH risk has been the topic of
multiple studies [84]. SAH risk has been shown
to increase for weekly consumption of ~120—
150 g of alcohol, with increasing amounts of
alcohol elevating risk in a dose-dependent fash-
ion. Published studies report relative risk ratios
ranging from 2.1 to 4.7. However, light-to-
moderate alcohol consumption (~100 g/week
or less) has been inversely associated with SAH
risk in some studies, suggesting a potential pro-
tective effect. Of note, most studies have
reported higher relative risk for SAH in women
vs. men for identical amounts of alcohol con-
sumed [84]. The protective effect of light-to-
moderate drinking could be related to beneficial
antioxidant and anti-inflammatory effects
reducing vessel wall damage. Conversely,
heavy alcohol consumption is associated with
increased oxidative stress, as well as with
increased blood pressure, hematocrit, plasma
osmolarity, and fibrinogen levels in blood —
overall resulting in increased hemodynamic
stress [41].

2.2.9 Other SAH Risk Factors

2.2.9.1 Sympathomimetic Drugs

As for hemorrhagic stroke in general, sympatho-
mimetic drugs (chiefly cocaine) have been asso-
ciated with an increased SAH risk, with reported
relative risk indicating an increase in risk above
tenfold among cocaine users [84]. As previously
mentioned, cocaine use is associated with vaso-
spasm (by promoting intracellular calcium
release from the sarcoplasmic reticulum in cere-
bral vascular smooth muscle cells), impaired
cerebral autoregulation, and systemic elevation
in blood pressure. In case-control studies, phen-
ylpropanolamine present in appetite suppressants
(and possibly certain cold remedies) was associ-
ated with increased risk for hemorrhagic stroke
(including both intracerebral hemorrhage and
subarachnoid hemorrhage) among women [85].

Similarly, caffeine-containing medications have
also been associated with increased SAH risk in
isolated reports [86].

2.2.9.2 Low Cholesterol and Statin Use

As previously mentioned (see Sect. 2.1.8), ele-
vated cholesterol is inversely associated with risk
for hemorrhagic stroke, including SAH [47]. Of
note, in comparison with ICH, studies associat-
ing cholesterol levels with SAH risk have been
less consistent. As previously mentioned, a recent
systematic review and meta-analysis found dif-
ferential associations between cholesterol levels
and risk of SAH vs. ICH among East Asian vs.
non-East Asian populations [48]. Multiple stud-
ies failed to report associations between SAH
risk and statin exposure [72].

2.2.9.3 Diabetes Mellitus

Diabetes mellitus was associated with a reduced
risk of SAH in one review [87]. These findings
are in contrast with established evidence linking
insulin resistance with endothelial dysfunction,
inflammation, and oxidative stress [84]. However,
these findings were statistically significant only
in case-control studies upon systematic review.
The authors of the review themselves suggested
conclude that the association between diabetes
and reduced SAH risk may reflect bias related to
either (1) increased competing mortality caused
by diseases other than SAH or (2) better control
of other SAH risk factors (especially hyperten-
sion and smoking) among diabetic patients.

2.2.9.4 Physical Exercise

A systematic review of SAH risk factors found
that one longitudinal study demonstrated a weak,
nonsignificant protective effect of regular rigorous
physical activity in men only [87]. However, two
case-control studies showed an opposite, detri-
mental effect of regular rigorous physical activity
on SAH risk. Additional studies will be required to
clarify the effect on long-term physical activity on
SAH risk. A number of studies in the literature
have also focused on the role of vigorous exertion
(including sports and intercourse) on immediate
risk of aneurysmal rupture. A systematic review
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found that 19% of SAH events occurred during or
within 2 h of moderate or heavy exercise (odds
ratio 2.7, 95% confidence interval 1.6-4.6 for
comparison with no or light exercise) [72].
However, the absolute number of exertion-related
cases was deemed to be low (population-
attributable risk of 7.9%).

2.2.9.5 Body Mass Index

Low BMI was associated with an ~ 70% decrease
in SAH risk in a longitudinal study, but it was
associated with increased risk (although not sta-
tistically significant) in two case-control studies
[87]. A more recent report from Japan found evi-
dence of a J-shaped association between SAH
risk and body mass index, with both very low and
very high values increasing risk [88].

2.2,9.6 Antiplatelet Agents and Oral
Anticoagulants

Although very limited data is currently available,
oral anticoagulation is generally considered to
increase risk for SAH [72]. On the contrary, sev-
eral studies suggested that the use of low-dose
aspirin may reduce SAH risk. However, in a
recent meta-analysis including seven studies, no
significant association was found between aspirin
use (of any duration or frequency) and SAH risk
(odds ratio 1.00; 95% confidence interval 0.81—
1.24) [89]. The authors of this meta-analysis
uncovered a significant association between
short-term use of aspirin (<3 months) and
increased SAH risk (odds ratio 1.61; 95% confi-
dence interval 1.20-2.18), but not for longer use.
Additional studies are needed to quantify the
increase in SAH risk conferred by antiplatelet
agents and anticoagulants, especially newer anti-
coagulation agents.
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Intracerebral Hemorrhage:
Insights into Cerebral Small Vessel

Disease
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3.1 Introduction

Spontaneous intracerebral, non-traumatic intra-
cerebral hemorrhage (ICH) results from rupture
and bleeding of small arteries and arterioles into
the brain resulting in the formation of a paren-
chymal hematoma [1, 2]. Depending on the
underlying cause, ICH may be classified as pri-
mary or secondary. Secondary causes of ICH
include vascular malformations, brain tumors
with hemorrhage, a variety of bleeding disorders,
infection-associated bleeding, or inflammatory
disorders [3]. This chapter will focus on primary
ICH which accounts for 77-88% of ICH cases
and results from sporadic aged-related cerebral
small vessel disease [1, 3-7].

The term small vessel disease is generally
used to describe all the diseases that affect the
small arteries, arterioles, and capillaries that are
located in the brain parenchyma or in the lepto-
meningeal vessels [8—11]. While recent investi-
gational work has suggested that it may be
possible to visualize pathologies in these small
arteries with 7 Tesla MRI [12, 13], standard neu-
roimaging used in clinical practice does yet not
allow the direct visualization of these vessels.
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Thus, the term small vessel disease as it is cur-
rently used does not describe the vessel pathol-
ogy per se but rather encompasses all the
consequences of small vessel pathology on brain
parenchymal tissue [14].

The two main forms of sporadic small vessel
disease which are strongly associated with ICH
are hypertensive small vessel disease and cere-
bral amyloid angiopathy (CAA; Table 3.1). The
location of ICH is suggestive of the dominant
underlying microangiopathy [1, 15, 16].
Pathologic evaluation of serial sections of hema-
toma tissue has shown that degenerative vessel
wall changes related to long-term hypertension
are responsible of the rupture of deep perforating
arteries, thus manifesting as hemorrhagic hyper-
tensive small vessel disease [1, 17, 18]. The rup-
ture of these deep arteries with a diameter
between 50 and 400 pm is the main mechanism
underlying putaminal, caudate, thalamic, and
pontine ICHs [1, 19]. Similarly, extensive amy-
loid deposition in the medium-sized arteries of
the cerebral cortex and overlying leptomeninges
may also lead to vasculopathic changes [20, 21].
The breakdown of disrupted amyloid-laden ves-
sel walls appears to be the substrate for lobar
CAA-related ICH [21-23].

This chapter discusses ICH related to these
two common forms of sporadic cerebral small
vessel disease, highlighting the pathophysiology
related to small- and medium-sized artery rup-
ture. We additionally discuss the different MRI
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Table 3.1 Neuropathological, clinical, and neuroimaging characteristics of hypertensive small vessel disease and cere-

bral amyloid angiopathy-related ICH

Characteristics Hypertensive small vessel disease-related ICH Cerebral amyloid angiopathy-related ICH

Small vessel Arteriolosclerosis [57], lypohialinosis [1, 53],  Amyloid-f deposition and associated

pathology fibrinoid necrosis [50, 55], in absence of vasculopathy in cortical and leptomeningeal
cerebral amyloid angiopathy vessels [20, 22, 23]

Risk factors Hypertension [1, 24, 28, 29] and vascular risk ~ Age, apolipoprotein E €4 and €2 [21-23,
factors [28, 35] 79-81]

Location ICH Typically deep: Putamen [41], caudatus [19, Lobar (cortical-subcortical) [7, 22, 23], less
41], thalamus [42], pons [17]; cerebellum common cerebellum (superficial area) [83]
(deep area) [17]

Cerebral Predominantly deep [87, 98—100], with or Strictly lobar [15, 71]

microbleeds without lobar [87]

Cortical superficial Rare [104] Very common in symptomatic CAA [68-70,

siderosis 103]

White matter No predilection for a specific brain region, Posterior predominance [92], white matter

hyperintensities peri-basal ganglia pattern [93] spots [93]

Enlarged Basal ganglia [93, 109, 110] Centrum semiovale [93, 109, 110]

perivascular spaces

Lacunes Usually in the basal ganglia or deep white Reported to be located in lobar area in one

matter [1, 90]. Further evidence is needed
Not a preferential distribution, reported to be
less common than in lobar ICH [113]. Further

DWI-positive
lesions
evidence is needed

study [90]. Further evidence is needed
Reports to be present in 15% of patients, not
preferential distribution [113]. Further
evidence is needed

ICH intracerebral hemorrhage, DWI diffusion-weighted imaging

Pathophysiology of ICH

(Spontaneous, non-traumatic)

Brain injury
Cause Affected vessel Pathology Anatomical location Physical injury
Longlasting Deep perforating Hypertensive SVD || - Putamen - Mass effect
hypertension arteries (arteriolosclerosis) || - Thalamus - Increased ICP
Hypertensive ICH - Lipohyalinosis - Pons
- Fibrinoid necrosis || - Deep cerebellar Chemical injury
= Microaneurysm
- Toxic hematoma-derived
products
Progressive Cortical and lepto- || Cerebral amyloid - Lobar b 0’"1_3“\" stress
feposition of geal arteries giopatt - Superficial cere- : ;ﬂl'r"""am"‘a“'i‘xﬁw 5e5
CAA-related ICH | amyloid protein bellar - Perihematomal edema

Fig. 3.1 Pathophysiology of intracerebral hemorrhage (ICH). ICH intracerebral hemorrhage, SVD small vessel dis-

ease, CAA cerebral amyloid angiopathy

manifestations encountered in ICH patients, spe-
cifically focusing on the location and patterns
suggestive of a specific type of underlying small
vessel disease. In the second part of the chapter,
dynamic processes related to hematoma evolu-
tion and mechanism of primary and secondary
brain injury will also be explored. Conceptual
diagram of pathophysiology of ICH is described
in Fig. 3.1.

3.2  Pathophysiology
of Hypertensive

Intracerebral Hemorrhage

Hypertensive ICH most commonly occurs in the
basal ganglia, thalamus, and brainstem and less
commonly in the cerebellum (Fig. 3.2) [1].
When ICH occurs in those regions, a history of
hypertension has been reported with a frequency
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Fig. 3.2 Hypertensive small vessel disease-related intra-
cerebral hemorrhage. T2*-gradient echo MRI sequences
in a patient with hypertensive small vessel disease-related
intracerebral hemorrhage. Panel a shows a left thalamic

that ranges from 50 to 86% [24-26]. In the
majority of studies, history of hypertension was
more prevalent in patients with deep than in
those with lobar primary ICH [27-29]. In con-
trast with these results, a population-based study
performed in Greater Cincinnati found that in
188 ICH cases, hypertension was equally preva-
lent in both lobar and deep ICH (67% and 73%,
respectively) without significant differences in
prevalence between different age groups [30].
Hypertension and poor blood pressure control
seem also a risk factor of future ICH, irrespec-
tive of the location of the hematoma [31-34].
The PROGRESS trial showed beneficial effects
of antihypertensive treatment in reducing the
risk of ICH with a 76% relative risk reduction in
comparison with the placebo-treated group at
4 years follow-up [31]. As hypertension is a
multisystem disease, studies have suggested
that pathology in other organs may also be con-
currently found in patients with ICH. Autopsy
studies have shown that left ventricular hyper-
trophy is a common finding in ICH patients
[29]. Furthermore, population-based study par-

hematoma (star). The same patient showed strictly deep
located cerebral microbleeds (b, inset) without any lobar
cerebral microbleeds

ticipants with electrocardiographic left ventric-
ular hypertrophy carry a higher risk of ICH than
those without (hazard ratio [HR]: 1.7, 95% con-
fidence interval [CI]: 0.77-3.7) in Cardiovascular
Health Study (HR 2.8, 95% CI: 1.2-6.4 in the
Atherosclerosis Risk in Communities Study)
[35]. Similarly, renal dysfunction is a frequent
comorbidity in patients with spontaneous ICH
[36-38]. One major hypothesis for this associa-
tion is the coexistence of small vessel microan-
giopathies in the brain and kidney [39]. Both are
low-resistance end organs which are exposed to
high-volume blood flow throughout the cardiac
cycle [39]. Furthermore, there are similarities
between the microvascular systems of the kid-
ney and the brain [40]. Recently, in 97 primary
ICH patients, it has been shown that renal dys-
function (estimated glomerular filtration rate
[eGFR] <60 mL/min/1.73 m?) was present in
12% of the patients [37]. Similar rates were
reported in the Intensive Blood Pressure
Reduction in Acute Cerebral Hemorrhage Trial
(INTERACT 2). In this trial, 280 (11%) of the
recruited patients had moderately/severely
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decreased eGFR [38]. In the population-based
Rotterdam Study, renal dysfunction was a strong
risk factor for hemorrhagic, but not ischemic
stroke [36]. However, more studies are needed
to specifically evaluate the prevalence and
effects on outcomes of end-organ damage in
large primary ICH cohorts. The examination of
different expressions of end-organ damage in
ICH subtypes (e.g., deep versus lobar ICH) is
also required.

3.2.1 Pathologic Mechanisms
Associated with Hypertensive

Intracerebral Hemorrhage

Deep hypertensive ICH occurs in areas supplied
by perforating deep arteries that arise from the
large cerebral vessels in the brain (Fig. 3.2) [1].
The putamen is consistently reported as the most
common location for brain hematoma (35-50%
of all ICH cases) [41-43], followed by thalamus
(10-15%) [42-45], and then pons (5-12%) [17,
42, 43]. Putaminal ICH results from the rupture
of a lateral branch of the striate arteries whose
diameter ranges between 200 and 400 um [41].
Though relatively uncommon, rupture of distal
segments of the lateral striate arteries can lead to
caudate hematomas [19, 41]. Based on their loca-
tion, thalamic hematomas may originate from the
rupture of four groups of arteries: (1) anterior
thalamic group artery rupture results in anterior
thalamic hematomas (6% of all thalamic ICH),
(2) tuberothalamic artery rupture results in pos-
teromedial thalamic hematomas (14% of all tha-
lamic ICH), (3) thalamoperforating artery rupture
results in posterolateral thalamic hematoma (44 %
of all thalamic ICH), and (4) posterior choroidal
artery rupture results in dorsal thalamic hemato-
mas (18% of all thalamic ICH) [44]. Pontine
hemorrhages are usually caused by bleeding of
small paramedian basilar perforating arteries
[17]. The result is a medially located hematoma
that predominantly involves the basis pontis [17].
Less frequently, the hematoma may be located in
the tegmentum when a distal segments of long
circumferential branches of the basilar artery are
the source of the bleeding [46].

Previous findings suggest that perforator arter-
ies are more directly exposed to the effects of
high blood pressure because of the lack of grad-
ual decrease in vessel caliber as in other areas of
the cerebrovascular circulation [47]. Thus, long-
standing hypertension appears to cause a series of
degenerative pathologic changes that eventually
weakens these deep perforators [1, 18, 48]. The
mechanism of actual bleeding is presumably
related to rupture of these fragile vessels — while
several detailed neuropathologic studies have
examined this question, it has been difficult to
prove pathologically [1, 48-50]. The first patho-
logical reports described “miliary aneurysms” as
the main vasculopathic changes related to deep
hypertensive ICH [51]. These lesions were ini-
tially believed to be true dilation of the arterial
wall; however, it was only with the availability of
more precise histologic techniques that patholo-
gists could show that miliary aneurysms were
“false aneurysms” that are made of masses of
blood outside the vessel wall [52]. At that time,
the rupture of the vessel and the formation of the
hematoma was believed to be secondary to an
intimal lesion that could either extend to the
media and adventitia or led to the formation of a
dissecting aneurysm [52]. Later work that com-
bined postmortem angiography and histology
found that miliary aneurysms were present in
almost all hypertensive ICH patients (15/16
patients) and were located mainly in the basal
ganglia, internal capsule, and thalamus [19, 48].
Even if the presence of microaneuryms in hyper-
tensive patients with ICH are common, a causal
role in causing ICH has never been firmly estab-
lished. Fisher, using serial sections of blocks of
tissue containing the hemorrhage, found that in
putaminal hemorrhages, primary arterial bleed-
ing sites occurred along multiple secondary sites
of bleedings. Microaneurysms in the immediate
relation of the hematoma were not reported,
whereas degenerative arteriole changes called
“lipohyalinosis” were a very common abnormal-
ity in the walls of small arteries harboring the
bleeding sites [1]. In conclusion, based on
Fisher’s studies, hypertensive ICH most likely
results from the rupture of one or two lipohyali-
notic arteries, followed by a second rupture at the
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periphery of the enlarging hematoma in a “ava-
lanche fashion” [1, 2]. The bleeding sites appear
as round collections of platelets combined with
and surrounded by concentric lamellae of fibrin,
so-called bleeding globes or fibrin globes [1].
Fibrin or bleeding globes at the primary and sec-
ondary sites are histologically identical, except
that the fibrin globes are larger. Histologically,
the bulk of the hematoma is formed by a compact
mass of red blood cells, and the bleeding sites are
characteristically found at its periphery [1].
Pathologically, lipohyalinosis is a term that
describes a destructive vascular process with
deposition of hyaline and fat-laden macrophages
in the wall of the penetrating arteries [1, 53]. These
degenerative arterial changes are also suggested to
cause lacunar infarcts, a subgroup of ischemic
stroke that is associated hypertension and diabetes
(Fig. 3.3) [53]. Thus, lipohyalinosis affecting deep
perforating arteries can either led to vessel rupture
(mechanism of hematoma formation) or occlusion
(mechanism of lacunar infarction). It is unclear as
to what factors predispose lipohyalinotic vessels
toward rupture versus occlusion [54]. Another
small vessel disease pathologic feature that has
been related to blood leakage and ICH is fibrinoid
necrosis [50, 55]. Fibrinoid necrosis appears in

Luxol fast blue

small arteries and arterioles of the brain, kidneys,
and other organs, predominantly in patients with
uncontrolled hypertension. Fibrinoid material
deposits segmentally and commonly occupy a por-
tion of the vessel. Electron microscopic and immu-
nohistochemical studies show that they consist of
exudated plasma protein and necrotic smooth
muscle cells with a staining pattern reminiscent of
fibrin. Fibrinoid necrosis has been related to aneu-
rysmal dilatation of weakened small and medium
arteries with subsequent leakage of blood compo-
nents [50].

The above pathologic processes have been
related to hypertension and grouped under different
terms in the literature including “hypertensive arte-
riopathy,” hypertensive microangiopathy, arteriolo-
sclerosis, age-related or vascular risk factor-related
small vessel disease, or degenerative microangiop-
athy [1, 56, 57]. Throughout this chapter, we have
employed the term hypertensive small vessel dis-
ease in relationship to ICH. While hypertension
has traditionally been regarded as the cardinal risk
factor for primary deep ICH, not all patients have
hypertension [25, 58]. Thus, the use of the term
hypertensive small vessel disease, especially in
ICH patients, is to some extent an oversimplifica-
tion. On the other hand, “normotensive” primary

H&E

Arteriosclerosis

Fig. 3.3 Hypertensive-related small vessel changes. A
vessel in the deep white matter with arteriolosclerosis on
a Luxol fast blue and hematoxylin-stained section (a). The

adjacent section show negative immunohistochemistry for
amyloid p (b)
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ICH patients may have had mild undetected
degrees of hypertension. There is evidence to sug-
gest that isolated blood pressure measurement
obtained in the office setting may have limitations
in detecting subclinical hypertensive disease [59].
Hypertension is a multisystem disease that may
result in systemic damage even before it is clini-
cally recognized [60]. Some data suggest that the
identification of arteriolar disease may precede the
diagnosis of hypertension based on office measure-
ments [60]. Nonetheless, the overall body of evi-
dence suggest that hypertension and age remain the
most important risk factors for primary deep hem-
orrhage [25, 32].

3.3  Pathophysiology of Cerebral
Amyloid Angiopathy

Intracerebral Hemorrhage

Cerebral amyloid angiopathy is a common micro-
angiopathy in the elderly defined pathologically
by the progressive deposition of amyloid protein

in the walls of cortical and leptomeningeal small
arteries, arterioles, and less often capillaries of
the brain [11, 16, 20, 22]. The term CAA
describes a heterogeneous group of biochemi-
cally and genetically diverse system disorders
[61-65]. In this chapter, the use of the term CAA
refers to the sporadic form of this specific micro-
angiopathy associated with symptomatic hemor-
rhagic stroke. CAA is a major cause of lobar
symptomatic ICH (Fig. 3.4) [20] and an impor-
tant contributor to vascular cognitive impairment
[66, 67]. One of the first attempts to clarify the
relationship between CAA and lobar ICH was
made by Okazaki and colleagues in 1979 [7]. The
authors analyzed 23 consecutive cases of moder-
ate-to-severe CAA from autopsies and found that
history of multiple lobar hemorrhages was very
common in these patients. CAA is now recog-
nized as a key contributor of cortical-subcortical
(Iobar) ICH especially in posterior regions, where
the pathology appears most severe [22, 23, 68].
In pathologic series, CAA appears to account for
a substantial proportion of all spontaneous lobar

Fig. 3.4 Cerebral amyloid angiopathy-related intracere-
bral hemorrhage. Panel A shows an axial slice from sus-
ceptibility-weighted imaging (SWI) MRI in a patient with
cerebral amyloid angiopathy (CAA). Right lobar hema-

toma (*) with strictly lobar cerebral microbleeds (inser).

Panel B (susceptibility-weighted imaging (SWI)
sequence) shows a different CAA patient with dissemi-
nated cortical superficial siderosis (arrowheads)
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ICH in elderly patients. In one study, among 39
cases of lobar ICH, CAA was present in 29 cases,
with an overall prevalence of 74% [15]. In
patients with previous lobar ICH, the risk of
recurrent hemorrhage appears to be approxi-
mately 10% per year [69]. Some CAA patients
appear to harbor a more severe form of the dis-
ease and experience recurrent ICH weeks or
months after their initial hemorrhage [70]. This
appears to be related to the presence of sulcal
bleeding events, termed cortical superficial sid-
erosis (Fig. 3.4; ¢SS) [70, 71]. The modified
Boston criteria can be used to determine the
likely etiology of ICH for relatively high speci-
ficity by using clinical data, imaging signs, and,
if available, histopathologic findings. More
recently, it has been shown that these criteria
have high positive predictive value for the diag-
nosis of CAA even in the absence of lobar ICH
(Fig. 3.4) [72, 73].

3.3.1 Pathologic Mechanisms
Associated with Cerebral
Amyloid Angiopathy-Related

Intracerebral Hemorrhage

The lobar predominance of CAA-related ICH is a
driven amyloid deposition in the cortical and lep-
tomeningeal vessels (and less commonly the cer-
ebellum). The brainstem and deep hemispheric
structures are generally spared [20, 22, 23]. The
frequent involvement of posterior areas, espe-
cially the occipital lobe, is not well understood. It
has been hypothesized that greater tortuosity of
occipital small arteries may impair perivascular
drainage [74]. Beta-amyloid deposition usually
starts in the abluminal portion of the tunica
media, often surrounding smooth muscle cells. It
then involves the adventitia subsequently infil-
trating all layers of the vessel with associated loss
of smooth muscle cells. In the later stages, the
architecture of the vessel is severely disrupted,
and microaneurysm formation, fibrinoid necro-
sis, and “double barreling’” may be present
(Fig. 3.5) [20, 23, 75, 76]. One postmortem histo-
pathologic study, which compared CAA patients
with and without symptomatic lobar ICH, found

that patients with ICH had a severe degree of vas-
cular amyloid deposition with foci of vessel wall
fragmentation and the presence of fibrinoid
necrosis [20]. However, a more recent study with
pathologic data has shown that patients with
CAA-related ICH have a similar vascular
B-amyloid burden and severity compared to those
patients with CAA who did not have a symptom-
atic ICH [77]. It is possible that biological path-
ways distinct from those involved in amyloid
vascular accumulation play a role in determining
clinical expression in patients with CAA. Indeed,
clinical, genetic, and serological factors have
been proposed as contributors to CAA-related
ICH. The presence and combination of different
apolipoprotein E (ApoE) alleles are the best
established genetic risk factor for sporadic CAA
development [62, 78]. ApoE &4 and €2 have been
associated with an increased risk of CAA-related
lobar ICH. These alleles have also been associ-
ated with hematoma expansion, worse clinical
outcome, and risk of recurrence after ICH [79,
80]. ApoE €4 appears to be involved in B-amyloid
deposition, while ApoE €2 appears to promote
vasculopathic changes in amyloid-laden vessels,
leading to rupture [21, 81-83].

The role of hypertension as a predisposing
factor in CAA-related ICH is not fully defined
and remains an area of active research. In patho-
logical series of CAA-ICH patients, the estimate
prevalence of hypertension is in the range of
32-58%, generally lower than other ICH popula-
tion [25, 76, 84]. However, recent data suggest
inadequate BP control during follow-up is asso-
ciated with a higher risk of both lobar (HR: 3.53,
CI: 1.65-7.54) and non-lobar (HR: 4.23, CI:
1.02-17.52) ICH recurrences [32].

3.4 Pathophysiology
of Cerebellar and Mixed

Intracerebral Hemorrhage

Spontaneous (non-traumatic and not due to vas-
cular malformations) cerebellar ICH has been
mainly reported secondary to hypertension, but
in some cases, cerebellar ICH can be related to
CAA [17, 85]. In cerebellar ICH, the hematoma
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Fig. 3.5 Cerebral amyloid angiopathy-related vessel
changes. An example of moderate-to-severe cerebral amy-
loid angiopathy and an old hemorrhage (*) on a section
that underwent immunohistochemistry against amyloid 3
(a). Both cortical and leptomeningeal vessels show wide-

is generally located in or close to one of the den-
tate nuclei (termed the deep cerebellar location;
see Fig. 3.6, Panel A) [17, 86]. By contrast, in a
subgroup of cases, hematoma location can be
restricted to the cerebellar cortex and vermis
(termed superficial cerebellar location) [85].
Interestingly, data based on autopsy series sug-
gest that when the primary cerebellar bleed is
located in the deep cerebellar gray nuclei and
white matter, the underlying etiology is more
likely to be related to hypertension [17, 85, 86].
In line with these pathologic findings, we recently
reported in an MRI-based study that patients with
deep cerebellar hematoma frequently had hyper-
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spread circumferential amyloid p deposition (b). An adja-
cent hematoxylin and eosin-stained section shows
multiple hemosiderin deposits within the hemorrhagic
area (¢, arrows)

tension (65%), whereas in superficial cerebellar
ICH, hypertension was much less common (12%)
[87]. Additionally, patients with superficial cere-
bellar ICH were more frequently found to have
strictly lobar cerebral microbleeds, a marker of
CAA [15, 73, 87]. The artery commonly impli-
cated as the source of bleeding in deep cerebellar
ICH is a large branch of the superior cerebellar
artery and is the major blood supply to the dentate
nucleus. In a minority of individuals, this artery
may arise from the anterior inferior or posterior
inferior cerebellar arteries [17]. In superficial cer-
ebellar ICH, penetrating pial arteries arising
appear to be the source of bleeding [85].
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Fig. 3.6 Cerebellar intracerebral hemorrhage and mixed
intracerebral hemorrhage. Panels A and B show T2*-
gradient echo MRI sequences in a patient with cerebellar
hemorrhage. Right deep cerebellar hematoma (a, dotted
square box) with mixed distribution of supratentorial
cerebral microbleeds (CMB) (b, thick arrows show lobar

CMBs; thin arrows show deep CMBs). Panels C and D
show susceptibility-weighted imaging (SWI) sequences
in a patient with a mixed distribution of hemorrhages
(mixed ICH). Deep hematoma is indicated in the dotted
square box (c). Thick arrows mark lobar CMBs and thin
arrows mark deep CMB (d)
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In clinical practice one commonly encoun-
ters patients with hemorrhages (microbleeds or
ICH) in both lobar and deep brain regions
(mixed ICH patients; Fig. 3.6, Panels C and D).
The pathologic processes underlying mixed
ICH have not been fully elucidated. It is likely
that mixed ICH represents a severe vasculopa-
thy caused by risk factors such as hypertension
and diabetes [88, 89]. Indeed, patients with
mixed ICH appear to have a vascular risk factor
profile similar to those with hypertensive-related
ICH [89]. Larger pathologic and epidemiologic
studies are required to more fully address this
question. Alternatively, patients with hemor-
rhages in lobar and deep areas may harbor both
CAA and hypertensive small vessel diseases
[88, 90]. A recent study using in vivo brain amy-
loid imaging suggested that vascular amyloid
and hypertensive small vessel disease might
have synergistic effects on the progression of
lobar cerebral microbleeds [91]. Patients with
mixed ICH appear to have a lower ICH recur-
rence rate (5.1% per year) compared to patients
with CAA-related ICH (10.4% per year) and a
higher recurrence rate compared to those with
HTN-ICH (1.6% per year) [89].

The Use of MRI in Evaluation
of Small Vessel Disease-
Related Intracerebral
Hemorrhage

3.5

The broad availability of MRI has proved to be
extremely useful as a noninvasive tool for the
evaluation of small vessel disease-related brain
damage in patients with ICH. MRI markers of
small vessel disease occur frequently in patients
with ICH, and their topographical distribution in
the brain can be specific for certain small vessel
pathologies [88, 92-95]. MRI markers of small
vessel disease in ICH can be divided into hemor-
rhagic markers (cerebral microbleeds and cSS)
and non-hemorrhagic markers (white matter
hyperintensities, enlarged perivascular spaces,
diffusion-weighted-positive [DWI] lesions, and
lacunes).

3.5.1 Cerebral Microbleeds

Cerebral microbleeds are defined small areas of
signal void with associated blooming appreciable
on T2*-gradient echo/SWI (susceptibility-
weighted imaging) (Fig. 3.2, Panel B; Fig. 3.4,
Panel A) [96]. Various cut-off points in size have
been used to classify cerebral microbleeds, but
because of the blooming effect that depends on
the MRI field strength and sequence, an absolute
size criterion is not recommended (the majority
fall within the range of 5-10 mm in size) [96, 97].
Pathologically, these signal abnormalities corre-
late with hemosiderin-laden macrophages in
perivascular tissue, consistent with vascular leak-
age of blood cells [90, 98]. However, recent stud-
ies using ex vivo MRI have been suggested that a
subset of visualized microbleeds may be due to
other vascular pathologies that may have differ-
ent pathophysiologic mechanisms [98]. In the
context of CAA, it had been hypothesized that
vessel fragility and rupture occur at site of Af
deposition in the walls of cortical vessels.
However, recent work may suggest that micro-
bleeds occur in proximity to cortical vessels with
relatively low, not high, Ap burden [99]. Further
research regarding the mechanisms of bleeding
are required.

Cerebral microbleeds are most commonly
located in the cortico-subcortical junction, deep
gray or white matter in the cerebral hemispheres,
brainstem, or cerebellum [96, 100]. As discussed
above, cerebral microbleeds located in strictly
lobar regions are strongly predictive of advanced
CAA pathology (Fig. 3.4, panel A) [15, 73],
while cerebral microbleeds in deep areas appear
most commonly to be associated with hyperten-
sive small vessel disease [88, 90, 101]. Strictly
lobar microbleeds detected on MRI are now rec-
ognized as one of the hallmark biomarkers for the
presence of advanced CAA and are useful for the
diagnosis of CAA in patients with and without
ICH [15, 73]. Detailed pathologic validation
studies that correlate the presence of deep cere-
bral microbleeds (Fig. 3.2, Panel B) and hyper-
tensive small vessel disease have not been
performed. However, both population-based
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studies and ICH cohort have consistently shown
a strong relationship between presence of deep
cerebral microbleeds and both hypertension and
systemic hypertensive consequences [88, 90,
100-102].

3.5.2 Cortical Superficial Siderosis

¢SS describes linear deposits of the blood-
breakdown product hemosiderin limited to the
cortical sulci over the convexities of the cere-
bral hemispheres [103]. ¢SS is now increas-
ingly recognized on MRI blood-sensitive
sequences (T2*-gradient echo and susceptibil-
ity-weighted imaging) where ¢SS appears as a
low-signal intensity rim around the gyral
cortical surface (Fig. 3.4, Panel B) [70, 72,
103, 104].

The exact pathophysiological mechanisms
underlying ¢SS are not yet fully understood.
However, observational data indicate that ¢SS
most likely represents blood residue products
from acute convexity subarachnoid hemor-
rhages due to rupture of CAA-laden cortical or
leptomeningeal vessels [103, 105]. A recent
study showed that ¢SS was absent in CADASIL
(cerebral autosomal dominant arteriopathy
with subcortical infarcts and leukoencephalop-
athy), suggesting that ¢SS may not occur in at
least some non-amyloid microangiopathies
[106]. ¢SS is a common finding in patients
with symptomatic CAA, being found in
40-60% of cases, depending on patient charac-
teristics and MRI sequences [70, 71, 105]. This
neuroimaging feature has now been incorpo-
rated in the modified Boston criteria, expand-
ing the clinical and imaging spectrum of the
disease [72]. Depending on its location, ¢SS
can be associated with transient focal neuro-
logical episodes [105, 107]. cSS has emerged
as the strongest predictor of recurrences in
lobar ICH [70, 103]. Furthermore, in CAA
patients without history of previous ICH, ¢SS
(not cerebral microbleeds) has been shown to
be the strongest independent predictor of inci-
dent ICH [104].

3.5.3 Non-hemorrhagic Small
Vessel Disease Markers
Associated with Intracerebral
Hemorrhage

Non-hemorrhagic small vessel disease markers
such as white matter hyperintensities, enlarged
perivascular spaces, diffusion-weighted-positive
lesions, and lacunes have shown to be frequently
associated with ICH (Fig. 3.7) [92, 94, 95, 108].

White matter hyperintensities of presumed
vascular origin are detected using T2-weighted
fluid-attenuated  inversion  recovery = MRI
sequences and appear as bright signal in the sub-
cortical or periventricular white matter (Fig. 3.7,
Panel A and F) [10, 109]. White matter hyperin-
tensities in ICH patients may suggest not only the
severity of the underlying chronic small vessel
disease but may be able to provide diagnostic
information [84, 93, 94, 110]. It has been shown
using both visual scales and quantitative mea-
sures of white matter distribution that patients
with CAA have a higher prevalence of posterior-
predominant white matter hyperintensities
(Fig. 3.7, Panel A) [94, 110]. Furthermore, it
appears that the presence of specific visual pat-
terns of white matter hyperintensities character-
ized by multiple subcortical spots are more
prevalent in CAA-related ICH compared to
hypertension-related ICH (29.8% vs. 16.8%,
respectively) [93]. By contrast, white matter
hyperintensities around the basal ganglia (peri-
basal pattern, Fig. 3.7, Panel F) appear more fre-
quent in hypertension-related ICH compared to
CAA-related ICH (19% vs. 7.8%, respectively)
[93].

Recently, several studies have evaluated the
severity and location of enlarged perivascular
spaces in ICH cohorts [95, 111, 112]. On MRI,
enlarged perivascular spaces are defined as fluid-
filled spaces that follow the typical course of a
vessel best seen on T2-weighted sequences
(Fig. 3.7, Panels B and E) [14]. Growing evi-
dence shows that the location of enlarged
perivascular spaces (centrum semiovale vs basal
ganglia) can be suggestive of a specific underly-
ing small vessel disease. Confirming previous
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Fig.3.7 Examples of MRI markers associated with intra-
cerebral hemorrhage. Non-hemorrhagic MRI markers of
small vessel disease in patients with intracerebral hemor-
rhage (see text for details). Panel A, fluid-attenuated inver-
sion recovery (FLAIR) sequence showing extensive
posterior white matter hyperintensities (WMH, arrows).
Panel B, T2-weighted sequence showing enlarged peri-
vascular spaces in the centrum semiovale (inset). Panel C,

reported results [95, 111, 112], in a recent large
cohort of consecutive ICH patients, centrum
semiovale enlarged perivascular spaces (Fig. 3.7,
Panel B) were much more prevalent in CAA-
related ICH than hypertensive ICH patients
(43.8% vs. 17.5%, respectively) [95]. Conversely,
high degree of basal ganglia enlarged perivascu-
lar spaces (Fig. 3.7, Panel E) were more prevalent
in hypertensive ICH compared to probable CAA-
related ICH (11.7% vs. 3.8%, respectively) [95].
Furthermore, severe enlarged perivascular spaces
in centrum semiovale have been shown to be
associated with amyloid deposition measured

diffusion-weighted imaging (DWI) sequence showing a
small acute DWI-positive lesion (dotted square box).
Panel D, FLAIR sequence showing a left thalamic lacune
(dotted square box) and a right deep hematoma (*). Panel
E, T2-weighted image showing basal ganglia enlarged
perivascular spaces (insef). Panel F, FLAIR sequence
showing extensive WMH with a peri-basal ganglia pattern
(inset)

with Pittsburgh compound B [112]. This may be
consistent with the hypothesis that progressive
amyloid deposition within leptomeningeal and
superficial cortical vessels may be secondary to
interstitial fluid drainage impairment within the
perivascular spaces [113, 114].

A number of studies have characterized the
presence and frequency of ischemic lesions visu-
alized on DWI remote from the acute hematoma
in patients with primary ICH undergoing MRI
(Fig. 3.7, Panel C) [115-120]. Across these series,
remote DWI lesions are visualized in 15-41% of
patients [115-120]. Diffusion-weighted imaging
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lesions are detected in approximately 15% of
patients with CAA and ICH when evaluated at a
single time point [115]. In ICH populations, DWI
lesions have been associated with small vessel
disease markers such as white matter hyperinten-
sities, cerebral microbleeds, and ¢SS [108, 115,
119]. In CAA, DWI-positive lesions likely repre-
sent small ischemic infarctions and are part of the
spectrum of microinfarctions seen in the disease
[108, 119]. It has been postulated that these DWI-
positive lesions could result from large fluctua-
tions in blood pressure in the acute hospital
setting. However, currently strong evidence sup-
porting this is lacking [120].

Fisher reported that lacunes were frequently
observed in pathologic brain tissues of ICH
patients. Lacunes were present not only in deep
gray nuclei, thalamus, and white matter but also
in the lobar white matter [53, 121]. Some recent
evidence may suggest that like cerebral micro-
bleeds [88] and enlarged perivascular spaces [95,
122], there is a distinct distribution of lacunes in
CAA and hypertensive-related small vessel dis-
ease. Patients with CAA-related ICH harbor
lacunes predominately in lobar regions, whereas
patients with hypertensive ICH have lacunes
mainly in deep cerebral areas (Fig. 3.7, Panel D)
[92]. It is plausible that lacunes have different
spatial distributions, reflecting the anatomical
involvement of affected vessels in patients with
CAA and hypertensive small vessel disease.
Further studies are required.

3.6 Intracerebral Hemorrhage
and Mechanisms of Brain

Injury

After the rupture of a brain vessel, ICH is usually
a symptomatic event associated with consider-
able tissue damage [123, 124]. The mechanisms
related to brain damage after ICH are pleiotropic
and are, in many respects, distinct from those
contributing to ischemic brain injury [124, 125].
After blood extravasation during ICH, brain tis-
sue is subjected to physical injury associated
with mass effect but also to chemical injury via
toxicity of blood plasma component and product

of hemolysis [123-125]. In large hematomas
(>100 mL), clinical deterioration and poor prog-
nosis are mainly triggered by rapid accumulation
of a large volume of blood. After a threshold of
>200 ml (CSF volume is approximately 200 ml),
the displacement capacity of this volume in the
brain is exhausted, thus causing increased intra-
cranial pressure and cellular and tissue damage
[123, 126]. In smaller hematomas, neurologic
deterioration has been primarily attributed to the
contribution of toxic hematoma-derived prod-
ucts, oxidative stress, and pro-inflammatory
responses to secondary brain injury [127-131].
Mechanisms of secondary brain injury last for
several days after symptoms onset, thus creating
a potential wider therapeutic window compared
to ischemic stroke [125].

Studies using serial CT scans have suggested
that hematoma volume increases for several
hours after ICH onset (due to active bleeding)
and may be associated to clinical deterioration
(Fig. 3.8) [123, 132—134]. In one study, CT scans
were obtained 3 h of ICH onset and then were
repeated 1 and 20 h later [132]. ICH expansion
(Fig. 3.8), defined as >33% volume increase, was
detected in 26% of patients. Another 12% of
patients had an expansion between 1 and 20 h
after initial presentation. Hemorrhage growth
between the baseline and 1 h CT scan was signifi-
cantly associated with clinical deterioration as
measured by change in Glasgow Coma Scales
and National Institute of Health Stroke Scale
scores [132]. The presence of small foci of
extravasation during CT angiography (Fig. 3.8,
“spot sign”) has been not only associated with
hematoma expansion but has also been reported
to be an independent predictor of disability and
mortality at 3 months [133, 134]. This body evi-
dence suggests that hematoma expansion is an
important factor in clinical outcome in patients
with ICH [123, 132-134].

Spot sign has been consistently reported as a
marker to identify individuals at risk for hema-
toma enlargement [133, 134]. In 104 patients
with ICH who underwent a CT angiography, spot
sign was present in 56% of patients and associ-
ated with an increased risk of hematoma expan-
sion (22% vs. 2%, in patients with versus without
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Baseline NCCT
Volume 113 mL

Baseline NCCT
Volume 18 mL

Fig. 3.8 Examples of hematoma expansions and spot
sign. Examples of hematoma expansion in patients with
lobar intracerebral hemorrhage. Panels A and B show a
baseline lobar hematoma (*), spot sign (dotted insets), and
enlarged hematoma (+) on follow-up scan in two different

spot sign, respectively) [133]. In the PREDICT
(predicting hematoma growth and outcome in
ICH using contrast bolus), a multicenter prospec-
tive cohort, 30% of patients (81/268) presenting
within 6 h of symptom onset were spot sign posi-
tive [134]. In patients with hematoma expansion,
spot sign had a 51% sensitivity and 85% specific-
ity for expansion. The positive predictive value
was 61% and the negative predictive value was
78% [134].

Beyond spot sign, there have been efforts to
identify other neuroimaging markers of expan-
sion [135]. Noncontrast computed tomographic
(CT) hypodensities (Fig. 3.8, Panel A) have been
shown to be associated with hematoma expan-
sion and functional outcome in ICH patients
[136, 137].

Recent work has examined MRI markers of
small vessel disease as predictors of hematoma

Spot sign on CTA

FU NCCT at 4h
Volume 146 mL

FUNCCT at7 h
Volume 119 mL

patients. In Panel A, heterogeneous aspect of the hema-
toma demonstrating a hypodense area (inset, arrowhead).
Hypodensities on NCCT have also been associated with
hematoma expansion (see text for details). NCCT noncon-
trast CT, CTA CT angiography, FU follow-up

volume and hematoma expansion [138]. In this
study, the absence of cerebral microbleeds was
associated with larger hematoma volumes in
both lobar and deep ICH. Furthermore, in lobar
ICH, the absence of cerebral microbleeds was
the only neuroimaging marker that predicted
hematoma expansion. In line with these find-
ings, another study has found that spot sign was
less likely to be detected in patients with ICH
and cerebral microbleeds [139]. One possible
explanation may be related to the pathophysiol-
ogy underlying microbleeds versus larger hem-
orrhages [1, 97]. Patients with higher cerebral
microbleeds counts appear to have larger pro-
portional vessel wall thickness in amyloid-laden
areas compared to those with lower numbers of
cerebral microbleeds [97]. In the “avalanche
model” of ICH development and growth, the
initial rupture and associated bleeding from a
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vessel trigger secondary ruptures from sur-
rounding vessels [1, 2]. Individuals with high
numbers of cerebral microbleeds may be pro-
tected from secondary rupture after an initial
ICH due to the nature of their vessel walls.

In contrast to the immediate primary injury
related to hematoma formation, secondary injury
of ICH may result from the potentiation of paral-
lel cascades resulting in activation of microglia
and astrocytes, perihematomal edema, and neu-
ronal death [125, 129, 140-144].

Perihematomal tissue is exposed to extrava-
sated blood components including red blood
cells, leukocytes, and plasma protein activating
the surrounding microglia and astrocytes [125,
141, 143, 145]. Activated microglia are believed
to have neuroprotective properties by clearing the
hematoma and debris [146]. However, preclinical
studies have also shown that activated microglia
and astrocytes release inflammatory cytokines,
reactive oxygen species, and proteases promoting
blood-brain barrier damage and contributing to
secondary injury damage [125, 141, 143, 145].

Perihematomal edema appears within hours
secondary to clot retraction and release of plasma
proteins into the surrounding white matter [131,
147-151]. Later, delayed thrombin formation
may contribute directly to neural toxicity or indi-
rectly through damage to the blood-brain barrier
with subsequent worsening of vasogenic edema
[125, 140, 152]. After 3—7 days, peak perihema-
tomal edema occurs and corresponds with the
lysis of red blood cells [153-155]. Red blood
lysis may occur up to 7 days after ICH and is usu-
ally secondary to the complement cascade [155].
Heme degradation products — carbon monoxide,
biliverdin, and iron — are believed to contribute to
oxidative stress, edema formation, and neuronal
death contributing to secondary injury after ICH
[125, 131, 144, 147, 155]. It has also been
reported that high plasma levels of pro-inflamma-
tory molecules, such as glutamate, cytokines, and
adhesion molecules, within 24 h of ICH onset are
correlated with the magnitude of the subsequent
perihematomal brain edema [127, 150, 156, 157].

The role of cerebral ischemia in ICH-related
brain injury remains unclear. Large hematomas
cause increased intracranial pressure and may

consequently reduce cerebral blood flow [123].
Additionally, if the tissue supplied by the rup-
tured vessel has insufficient collateral supply, the
blood flow in the perihematomal region may
decrease [131]. However, clinical and animal
studies have not found levels of blood flow
decreases in the perihematomal regions sufficient
to cause ischemic damage [158, 159]. In line with
this evidence, decreased perfusion in the perihe-
matomal zone seems related mainly to decreased
tissue metabolic demand in the setting of ICH
without falling below a perfusion threshold to
trigger ischemic damage [160].

Conclusions

Primary ICH results from the rupture of a
small- and medium-sized deep perforators or
cortical arteries. Age-associated sporadic
cerebral small vessel disease is the main cause
of primary ICH. The two major forms of small
vessel disease are hypertensive small vessel
disease and CAA. The identification of the
microangiopathy underlying ICH is clinically
relevant, as hypertensive small vessel disease
and CAA have different risks of recurrence
[69]. Hematoma location can be strongly sug-
gestive of the etiology of ICH. Deep supraten-
torial ICH and pontine hematomas are mainly
secondary to hypertensive small vessel dis-
ease, while lobar ICHs are commonly associ-
ated with CAA. MRI small vessel disease
markers can additionally be used to better
classify underlying pathology. Future work
should begin to focus on the histopathological
lesions in patients with ICH and aim to vali-
date neuroimaging biomarkers with patho-
logic data [98, 161].
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Pathophysiology of Subarachnoid

Hemorrhage

Sook Young Sim and Yong Sam Shin

4.1 Pathophysiology
of Aneurysmal Subarachnoid

Hemorrhage

Cerebral aneurysm is defined as a thin-walled
outpouching of the cerebral artery. Its rupture
leads to arterial bleeding into the subarachnoid
space, so-called subarachnoid hemorrhage (SAH)
[1]. Aneurysmal SAH accounts for up to 85-98%
of spontaneous SAH and represents about 15%
of all strokes [2—4]. SAH usually affects a rela-
tively young age compared to other types of
stroke, with a mean age of 50~55 at rupture; it
also has a high fatality rate, leading to a high rate
of years of potential life lost with major personal
and socioeconomic impact [2—-6].

4.1.1 Mechanism of Aneurysmal

Genesis, Growth, and Rupture

Intracranial aneurysms are believed to be
acquired lesions that occur with age. They arise
mainly in arterial branching around the circle of
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Willis [3]. A number of different mechanisms
have been proposed to explain aneurysm forma-
tion, growth, and rupture. The pathogenesis of a
cerebral aneurysm is multifactorial and heteroge-
neous; nevertheless, it has been speculated that
key factors involving aneurysmal formation can
be summarized as vessel wall injury, inflamma-
tion, and subsequent maladaptive vascular
remodeling under the influence of specific hemo-
dynamic stress [1, 6-10]. Individual genetic sus-
ceptibility and medical risk factors also play an
important role in this process [1, 7].

4.1.1.1 Vessel Wall Degradation
and Vascular Remodeling

The vessel wall of cerebral arteries consists of
adventitia, media, and intima, with endothelial
lining. An internal elastic lamina separates the
intima from the media and serves as an important
component of structural support because the
external elastic lamina is absent in intracranial
arteries [1]. The media comprises smooth muscle
cells and an extracellular matrix. Defects of the
smooth muscle cell layer and the internal elastic
lamina might be the most important pathologic
factors in the development of cerebral aneurysms
[7]. It is observed that the endothelium around
the aneurysm wall is separated from the base-
ment membrane, and there is no internal elastic
lamina at the base of the aneurysm; there is only
thin or fragmented internal elastic lamina in the
periphery [7].
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It has been generally accepted that aneurysm
formation might be initiated with disruption of
the internal elastic lamina and loss of medial
smooth muscle cells in response to various
stimuli, including hemodynamic insult and
genetic and environmental risk factors [7, 8]. It
is observed that the aneurysmal wall exhibits
the architectural disruption in media in which it
has a disorganized vascular wall with the
expression of vascular endothelial growth fac-
tor and basic fibroblast growth factor [9]. These
findings indicate that arterial wall degradation
and disruption of the normal vascular remodel-
ing process are associated with aneurysm for-
mation [7, 9].

It has been suggested that pathologic remodel-
ing of the vascular wall is initiated by endothelial
damage or hemodynamic oscillation [1, 8].
Inflammation of the vascular wall proceeds as
endothelial cell swelling, fibrin accumulation,
and cellular infiltration. Subsequent thickening
of the intimal layer prevents the nutritional flow
to the intimal and medial layers. This leads to the
degradation of the internal elastic lamina and the
extracellular matrix, both of which provide the
elasticity and strength of the vessel wall in nor-
mal physiologic status [1]. Thus, this process
ends with the formation of a partial defect in the
affected vessel wall, which would allow vascular
outpouching under hemodynamic stress in the
future [1]. The synergistic effects of hemody-
namic stress and vessel wall injury play an impor-
tant role in aneurysm formation, growth, and
rupture [1].

Degradation of the extracellular matrix of the
vascular wall is partially mediated by toxins and
proteolytic enzymes such as elastase [1]. It can
also be induced by decreased activity of an inhib-
itory enzyme on the proteases, such as in
al-antitrypsin deficiency, leading to an imbal-
ance between elastase and al-antitrypsin (elas-
tase inhibitor) [1]. Consequently, increased
proteolytic activity and subsequent cytokine-
mediated inflammation after vascular injury play
a role in the degeneration of the structural com-
ponent of the vessel wall [1]. Tumor necrosis
factor-o (TNF-a) promotes infiltration of inflam-
matory cells into the vessels and damages the

vascular structures [1]. It also inhibits endothelial
repair and degrades structural components of the
vessel wall, such as elastin and collagen [1].

4.1.1.2 Hemodynamic Stress

It has been suggested that the hemodynamic
environment seems to play a fundamental role in
the pathogenesis of cerebral aneurysms [1, 6, 8,
10]. Intracranial aneurysms frequently develop at
specific locations, such as arterial bifurcations,
where the hemodynamic stress tends to be high
[8]. Recently, image-based computational fluid
dynamics (CFD) has been implicated in the eval-
uation of hemodynamics in intracranial aneu-
rysms, shedding light on the understanding of the
peri-aneurysmal hemodynamic environment [6,
8, 10]. Wall shear stress (WSS), one of the most
crucial parameters in fluid hemodynamics, is
defined as a tangential frictional force of blood
flow on the vessel lumen [6, 10]. It has been pro-
posed that aberrant levels of WSS elicit endothe-
lial  cell-mediated  destructive  vascular
remodeling, including pro-inflammatory reac-
tion, matrix metalloproteinase (MMP) activation,
and extracellular matrix degradation [8, 10].
However, it has been reported that both high and
low WSS are correlated with aneurysmal growth
and rupture across the CFD studies [6, 10]. These
controversial results might be due to inconsistent
parameter definitions, small data sets, and hemo-
dynamic complexities around aneurysmal geom-
etry [6, 10]. In a meta-analysis of CFD studies
investigating the association of aneurysmal gen-
esis with hemodynamic parameters, it was found
that high WSS is strongly correlated with genesis
of bifurcation aneurysms, whereas low WSS is
correlated with side wall aneurysm [6]. One
mechanism that might explain the association
between WSS and aneurysm formation is that
endothelium, which senses the tension in the
blood vessels at the time of WSS elevation,
dilates to lower the elevated WSS; if this phe-
nomenon continues, the vessel wall may weaken
[6]. Examinations of flow dynamics have also
linked peri-aneurysmal hemodynamics to other
indices, such as gradient oscillatory number
(GON), aneurysm formation index (AFI), and the
oscillatory shear index (OSI) [6, 10].
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Anatomic geometry around the aneurysm,
including aneurysmal size, location, and con-
figuration, has long been regarded as one of the
influencing factors for rupture risk [6]. A pos-
sible relationship between aneurysm diameter
and the risk of rupture has been put forth [5,
11]. Arterial bifurcation apices are common
sites for cerebral aneurysms. In animal studies,
arterial bifurcation, or a branching site, has a
specific pattern of vascular wall remodeling,
such as hyperplasia; this forms an intimal pad
at the bifurcation and adjacent destructive
remodeling, including disruption of internal
elastic lamina, loss of medial smooth muscle
cells, reduced proliferation of smooth muscle
cells, and loss of fibronectin resembling the ini-
tiation of an intracranial aneurysm [8]. A bio-
mechanical study has demonstrated that an
aneurysm ruptures when the ratio of the wall
thickness to the radius of the aneurysm
decreases [10]. It is assumed that aneurysmal
geometry and its hemodynamic susceptibility
play an important role in aneurysmal forma-
tion, growth, and rupture [6].

4.1.1.3 Individual Medical Risk Factors
The most commonly known modifiable risk fac-
tors for intracranial aneurysm are smoking,
hypertension, and heavy alcohol consumption
[1, 3, 7]. Cigarette smoking is the most consis-
tent risk factor, being 3—10 times higher and
dose-dependent [7]. Smoking has been known
to increase the risk of aneurysm formation and
rupture via release of cigarette toxins and car-
bon monoxide [1]. These chemicals precipitate
an inflammatory reaction by increasing protease
levels, reducing al-antitrypsin activity, induc-
ing oxidative stress, and increasing blood vis-
cosity due to the elevated fibrinogen level [1, 7].
The consequent imbalance between proteases
and antiproteases leads to increased proteolysis
of connective tissue of the vessel wall and extra-
cellular matrix surrounding the cerebral artery
as well as disruption of the normal homeostatic
mechanism involving vascular repair [7].
Smoking has also been associated with transient
elevation of blood pressure and antiestrogenic
effect [1].

Hypertension increases the risk of SAH
approximately 2.8-fold in longitudinal studies
and has a relative risk of 2.9 in population-based
studies [7]. Elevation in blood pressure might
cause an increase in vascular resistance of the
vasa vasorum and result in ischemic necrosis and
thinning of the medial layer [1]. It is also pro-
posed that uncompensated blood flow resulting
from hypercapnia-induced impairment of cere-
bral autoregulation and increased blood viscosity
possibly contributes to hemodynamic stress on
the vasculatures in the genesis of aneurysms, as
WSS is known to be proportional to the blood
viscosity and the velocity gradients [1]. In
patients with intracranial aneurysm, there may be
alteration of biochemical pathways associated
with arterial homeostasis involving activation of
nitric oxide (NO) in the endothelium, and its
effects on smooth muscle cell relaxation through
hyperpolarization via potassium channel activa-
tion may be altered. Prolonged impairment of
arterial homeostasis results in excessive loss of
vascular tone and endothelial injury [7].

Heavy alcohol consumption also increases the
risk of aneurysmal SAH in a dose-dependent
manner, with a relative risk of 2.8-4.7 [7]. It
damages the endothelium by activation of TNF-a
and NO-inducing oxidative stress [1].
Interestingly, a protective effect of light drinking
against vessel inflammation has also been sug-
gested in relation with increased high-density
lipoprotein levels and decreased TNF-a activity
[1]. Estrogens have beneficial effects on the
integrity of vessel walls through strengthening
collagen and lowering TNF-a activity [1].
However, a high dose of estrogen in oral contra-
ceptive pills or hormone replacement therapy has
been shown to mitigate this beneficial effect by
elevation of blood pressure resulting from reten-
tion of sodium and body fluid [1].

4.1.1.4 Genetic Predisposition

Most intracranial aneurysms occur sporadically, but
it is well known that family history is related to the
occurrence of multiple and large cerebral aneu-
rysms and development of SAH in about 10% of
cases [3, 7]. Unfortunately, genetic research on
aneurysms has been limited even in the era of
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remarkable advances in molecular biology and
genetics. This is partly because molecular patho-
genesis and pathobiological features associated
with aneurysm genesis are poorly understood; thus
it is difficult to select candidate markers for aneu-
rysms [7]. Much of the effort to find genetic mark-
ers associated with aneurysms targets the structural
abnormality in genetic syndromes with aneurysm
phenotypes. Structural alterations in most genetic
syndromes associated with cerebral aneurysm
involve the extracellular matrix of connective tissue,
as with polycystin in polycystic kidney disease,
fibrillin-1 in Marfan’s syndrome, and type III col-
lagen in Ehlers-Danlos syndrome [7, 12]. Among
the group of MMPs, which are endopeptidase with
selective, specific activities against the extracellular
matrix of basement membranes [7], type IV colla-
genase (MMP-9) has been suggested as an impor-
tant component for aneurysm genesis since the
functional polymorphic changes associated with it
have been found in aneurysm [13]. Other candidate
genes in familial intracranial aneurysm include
endoglin (ENG) and al-antitrypsin (SERPINAI)
[14]. Several limitations of genome-wide linkage
studies and advances in genetics research tech-
niques enable genome-wide association studies to
help identify genomic regions associated with cere-
bral aneurysm. A number of single-nucleotide poly-
morphisms (SNPs) have been identified on the
SOX17, CDKN2A-CDKN2B, EDNRA, and
PRDMG6 genes that are presumably associated with
intracranial aneurysm [14].

Despite the continual efforts to find genetic
and molecular markers of cerebral aneurysms,
the results are conflicting and unsatisfactory; this
likely indicates that aneurysm genesis might be a
multifactorial process with genetic heterogeneity
[7, 15]. It is suggested that patients with a genetic
predisposition, when exposed to a long-term
environmental risk factor, may fail to undergo a
normal arterial remodeling process because of
their inability to maintain arterial homeostasis,
leading to formation of an aneurysm [7] (Fig. 4.1).

4.1.1.5 Factors Relating to Aneurysmal
Growth and Rupture

Generally, aneurysm growth during follow-up is

considered to be a risk factor for aneurysmal rup-

ture, as such an aneurysm is 10-30 times more

likely to rupture compared with stable aneurysms
[16, 17]. Meta-analyses of longitudinal observa-
tional studies, including follow-up with over
13,000 cases, showed that 9% of aneurysms were
enlarged at follow-up. Risk factors for aneurys-
mal growth were age (older than 50 years), female
gender, smoking history, cavernous carotid artery
and basilar artery location, irregular shape, multi-
ple aneurysm, and larger aneurysm size (>10 mm)
[16, 18]. It also revealed that growing aneurysms
were associated with a higher rupture rate of
3.1%/year compared with 0.1%/year for stable
aneurysms [16]. Aneurysms with daughter sacs or
lobulations had a 14.7% growth rate per year,
while the overall aneurysm growth rate was 2.5%
per year [16].

Aneurysmal rupture might be affected by
complex factors. Of these, a sudden increase in
transmural arterial pressure (differences in intra-
aneurysmal and cerebrospinal fluid [CSF] pres-
sures) is one of the most important factors [3].
Physical activity, such as exercise, sexual inter-
course, and physical straining, precedes SAH in
about 20% of cases [3]. A number of risk factors
might contribute to aneurysm rupture, including
clinical factors such as female gender, hyperten-
sion, smoking, prior history of SAH, and family
history and anatomic factors such as multiple
aneurysm, larger aneurysm size, irregular shape,
and posterior circulation location [19, 20]. A sub-
stantial portion of clinical and anatomical risk
factors for aneurysm rupture overlaps with risk
factors associated with aneurysm growth, with
little to moderate heterogeneity between studies;
this suggests that these two processes share simi-
lar pathogenesis [16, 18, 21].

4.1.2 Pathophysiology After
Aneurysmal Subarachnoid
Hemorrhage

A number of pathophysiologic phenomena
occur in patients with aneurysmal SAH. These
include aneurysmal rebleeding, hydrocephalus,
delayed neurologic deterioration with or with-
out cerebral vasospasm, and medical complica-
tions in cardiac, pulmonary, body fluid, and
electrolyte systems. Along with the initial ictal
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injury, these complications significantly con-
tribute to a poor clinical outcome in patients
with aneurysmal SAH.

4.1.2.1 Rebleeding
Aneurysmal rebleeding before aneurysmal clip-
ping or coiling in acute SAH is one of the leading
causes of mortality with a mortality rate of
50-80%. Rebleeding occurs in approximately
8-28.4% of ruptured aneurysms, mostly during
the first 2472 h after the initial bleed (Fig. 4.2)
[2,3,5, 15, 22]. Recent literature has clarified that
aneurysmal rebleeding occurs more frequently in
the earlier period than previously expected, with a
peak incidence during the first 2-6 h [22, 23].

The underlying mechanism of rebleeding is
not precisely defined but is thought to be com-
plex and influenced by a variety of factors. It has
been assumed that the fibrin net covering the rup-
ture point at the initial status of rupture is very
fragile and not able to withstand even small intra-
aneurysmal pressure changes [24].

The current known risk factors for aneurysmal
rebleeding include aneurysmal size and location;

presence of intraventricular, subdural, and intra-
cerebral hematoma; age; hypertension; hypergly-
cemia; poor initial clinical grade; multiple
aneurysm; presence of sentinel headache; and
coagulopathy, although the relationship between
rebleeding and some of these risk factors is not
consistent between the studies [15, 22].

Aneurysmal Factors

A number of studies, including clinical series,
large prospective cohort studies, and the meta-
analysis of risk factors for aneurysmal rebleeding,
consistently revealed that larger aneurysms were
at a higher risk for rebleeding, especially for an
aneurysm larger than 10 mm [5, 11, 22]. The loca-
tion of aneurysm is also implicated to be associ-
ated with the risk of rebleeding, mainly with
aneurysms arising from posterior circulation [11].

Individual Systemic Condition

and Predisposition

Initial elevated blood pressure at presentation is
known to be associated with increased rebleeding
rates [5, 22]. Systolic blood pressure higher than

Fig.4.2 (a) Initial brain computed tomography (CT) scan
of a 42-year-old male with stuporous mental status shows
subarachnoid hemorrhage in the Sylvian, basal, prepon-
tine, cerebellopontine, and cerebellomedullary cistern.

Intraventricular hemorrhage in the third, fourth, and lateral
ventricles is also noted. (b) Follow-up images 2 h after the
initial scan demonstrate a massive rebleeding, especially in
the fourth ventricle. Hydrocephalus is more evident
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160 mmHg and a poor Hunt-Hess grade are also
statistically correlated with increased risk of
rebleeding [22]. Advanced age has been proposed
as an independent risk factor for aneurysmal
rebleeding [22].

Fibrin degradation products (FDP) and
D-dimer, markers of fibrinolysis, were found to
be elevated in the acute stage of SAH. Tissue
plasminogen activator (t-PA), which converts
plasminogen to plasmin, is activated and released
from endothelial cells by endothelial damage and
fibrin deposition in the SAH-induced brain.
Moreover, it has been reported that decreased
activity of plasminogen activator inhibitor-1
(PAI-1), an endogenous inhibitor of t-PA, may be
a reason for higher fibrinolytic activity even
when t-PA is within the normal range [15]. These
increased fibrinolytic activities may dissolve
clots covering the aneurysmal rupture point and
be associated with rebleeding [15]. There are sev-
eral reports that reduced clot stability due to
decreased platelet aggregation and factor XIII
activity is found in patients with rebleeding.
Factor XIII, activated by thrombin, is a factor that
cross-links fibrin into polymer. It also binds o
2-antiplasmin to fibrin and produces a strong clot
that is resistant to fibrinolysis. In summary,
reduced clot stability and increased fibrinolytic
activity may play important roles in rebleeding in
the acute stage of SAH [15].

Treatment-Related Factors

Performance of cerebral angiography in the acute
stage, especially within 6 h after SAH, increases
the risk of rebleeding by 3.3-23.9% [15]. It has
also been reported that CSF drainage before aneu-
rysm closure increases the risk of rebleeding. It
has been speculated that changes in the transmu-
ral pressure are related to this phenomenon [15,
25]. CSF drainage can increase the transmural
pressure by reducing CSF pressure, while cere-
bral angiography may increase the transmural
pressure by temporarily increasing the intra-aneu-
rysmal pressure during the contrast injection. A
short interval between CSF diversion and perma-
nent aneurysmal repair might help reduce the risk
of rebleeding in this situation [22]. Fibrinolytic
therapy to reduce delayed cerebral ischemia in

SAH is another risk factor for aneurysmal rebleed-
ing for hospitalized patients [15].

4.1.2.2 Hydrocephalus
The incidence of hydrocephalus after SAH has
been reported to be about 15-35% [26-28]. A
blood clot in the subarachnoid space, if large,
subsequently spills into the ventricles, impeding
CSF resorption and circulation. Sudden obstruc-
tion of CSF circulation is considered an impor-
tant contributor to acute development of
hydrocephalus [27, 29]. It is known that about
1/5 of the total hydrocephalus occurs in the acute
stage; this is most likely due to decreased CSF
absorption into the venous sinus owing to the
blood clot in the arachnoid granulation. The
chronic, long-term, communicating hydrocepha-
lus is secondary to the fibrosis and adhesion of
the arachnoid granulation [26]. In addition to the
mechanical obstruction of the CSF pathway and
inflammatory processes, dysfunctional cerebral
pulsation and brain compliance contribute to the
development of hydrocephalus after SAH [28].
Ependymal cell desquamation and subependy-
mal basal membrane destruction due to spasm of
the choroidal artery and an increase in CSF pro-
duction due to a series of inflammatory responses
following SAH have also been suggested as
underlying mechanisms in the development of
hydrocephalus [26, 28, 30]. In an experimental
study, it was noted that fluid-filled vesicles in the
choroid plexus were more related with the SAH
model; thus, the authors speculated that CSF
secretion might be stimulated by the irritant
receptor of glossopharyngeal and vagal nerve
endings, which innervate the healthy choroidal
plexus epithelium and arteries [30]. However,
these suggestions should be further validated.
Patients with hydrocephalus are at greater risk
of neurologic impairment and morbidity than
those without hydrocephalus [27]. Acute hydro-
cephalus is more frequently developed in patients
with a large clot burden, an episode of rebleed-
ing, or a poor clinical grade on admission [26,
27]. Furthermore, it is observed that acute hydro-
cephalus reduces cerebral blood flow (CBF),
especially in the vicinity of the ventricles, in
addition to the direct mass effect [25].
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The incidence of hydrocephalus requiring per-
manent CSF diversion has been reported in
8-63% of cases [27]. Risk factors for shunt-
dependent hydrocephalus include presence of
intraventricular hemorrhage, aneurysm of poste-
rior circulation, diffuse and dense subarachnoid
blood, hypertension, increased sympathetic
activity, old age (>60 years), and presence of in-
hospital complications such as meningitis, pneu-
monia, vasospasm, and ischemic stroke [26, 27].

4.1.2.3 Early Brain Injury and Delayed
Cerebral Ischemia After
Subarachnoid Hemorrhage
At the onset of SAH, acute arterial bleeding from
the cerebral aneurysm results in immediate
increased intracranial pressure (ICP). Impaired
CSF absorption and circulation lead to the devel-
opment of acute hydrocephalus, promoting a fur-
therincrease in ICP [29]. In addition, microvascular
alterations, such as transient circulatory arrest,
global cerebral ischemia, and reactive hyperemia,
also occur along with brain edema and neuronal
injury [2]. These initial pathophysiologic changes
within the first 3 days are referred as an early brain
injury (EBI) [2, 4, 29].

In addition to the initial injury, a complex of
pathophysiologic processes occurs following
SAH later, during the course of disease; this com-
plex is commonly called delayed cerebral isch-
emia (DCI) or delayed ischemic neurological
deficits (DIND) [2, 4, 31]. Delayed neurological
deterioration after SAH typically appears
3—4 days after subarachnoid hemorrhage, reach-
ing the highest incidence and severity at 6—8 days;
most cases resolve within 2 weeks following
ictus [2, 4, 32]. Interestingly, the observation of
arterial narrowing following aneurysmal SAH
during the same period of delayed-onset neuro-
logical deterioration has led to the assumption
that cerebral vasospasm is a principal cause of
this condition [2, 4, 29]. However, the presence
of angiographic vasospasm is not always corre-
lated with symptomatic DCI, and most clinical
trials targeted at reducing vasospasm have failed
to produce clinical improvement in DCI [4, 29,
31]. It has therefore been proposed that the patho-
physiologic process involving DCI is not solely

related to cerebral vasospasm; rather, a multifac-
torial process can be postulated [2, 4, 29].

The proposed mechanisms of DCI other than
vasospasm of large arteries include microvascu-
lar alteration and dysfunction (microvascular
spasm), microthrombosis, inflammation, and cor-
tical spreading ischemia [2, 4, 29, 32]. It remains
to be determined whether EBI might be a precon-
dition for DCI or both EBI and DCI present as
coinstantaneous processes in the development of
early and delayed cerebral injury [2, 4]. Some
events related to DCI may begin during the acute
stage of SAH; they may have reciprocal influ-
ences and share common pathways with the pro-
cess of EBI [4].

Early Hemodynamic Response After
Subarachnoid Hemorrhage

Acute extravasation of blood from the ruptured
aneurysm into the confined subarachnoid space
causes abrupt elevation of ICP [2, 4]. The high
level of ICP usually decreases within 10—15 min-
utes [2, 4]. In some cases, however, sustained
elevation of ICP may follow due to the direct
mass effect of the hemorrhage combined with the
development of acute hydrocephalus [4]. If it
exceeds the diastolic blood pressure, cerebral
perfusion pressure (CPP) can be diminished [2,
4]. Early impairment of these hemodynamic
parameters as an increase in ICP and a decrease
in CPP results in the reduction of regional CBF;
this leads to transient global arrest of intracranial
circulation and manifests clinically as loss of
consciousness [2, 4, 29].

The initial fall in CBF after SAH is accompa-
nied by an impairment of cerebral autoregulation,
reduced cerebral metabolic rate of oxygen, and the
suppression of total electrocorticographic activity
[4]. CBF autoregulation impairment affects both
pressure autoregulation and chemoregulation [2,
4]. Disturbance in autoregulation is pronounced
during the first 73 h after ictus and correlates with
the severity of SAH [2, 4]. It may result from
impaired endothelium-dependent control of vessel
diameter [7]. In many studies, impaired CBF auto-
regulation precedes vasospasm, and the patients
with cerebral autoregulatory dysfunction are at
great risk of developing DIND [2]. Initial transient
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global or focal ischemia initiates a cascade of fur-
ther pathophysiologic processes, such as early
metabolic failure, ionic disturbance, and cerebral
edema [2, 4, 29]. In animal and human studies,
markers of brain ischemia are increased along
with concentrations of the excitatory neurotrans-
mitter glutamate [2, 29]. The neurovascular cou-
pling of cortical activity and regional CBF
contributes to further reduction of regional CBE,
due to disruption of cortical signaling [4]. A no-
reflow phenomenon, the absence of vascular fill-
ing after a period of global cerebral ischemia, may
occur despite restoration of cerebral flow in rela-
tion to persistent arteriolar vasoconstriction,
mainly by pericyte constriction and subsequent
capillary thrombosis [2, 4, 29]. It was recently pro-
posed that initial hypoxia and inadequate distal
perfusion also activate inflammatory pathways

and the coagulation cascade [4, 29]. A large hem-
orrhagic clot burden, accompanying hydrocepha-
lus, and secondary ischemia with progressive
cerebral edema, if not corrected, could lead to a
persistent, abnormally high level of ICP and cause
a fatal brain herniation.

Cerebral Vasospasm

Since the first observation of arterial narrowing
following SAH by Ecker and Riemenschneider
in 1951 [33], cerebral vasospasm has been
defined as consistent narrowing of cerebral arter-
ies with arterial wall thickening [4]. It usually
involves large cerebral arteries between 3 and
14 days and peaks at 1 week after hemorrhage
(Fig. 4.3). Angiographic vasospasm can be
observed in approximately 50%—70% of patients
with SAH [4]. Among them, 20-30% of subjects

Fig. 4.3 (a) A 45-year-old male presents with sudden
severe headache. Computed tomography (CT) scan shows
acute subarachnoid hemorrhage. (b) Subsequent angiog-
raphy reveals cerebral aneurysm arising at the left poste-
rior communicating artery. The aneurysm was secured by

coil embolization on the day of admission. (¢) Follow-up
angiography 7 days later shows diffuse narrowing of the
vascular caliber in the proximal middle cerebral artery
and anterior cerebral artery
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develop delayed cerebral ischemia and infarc-
tion clinically [4, 32]. The amount of subarach-
noid blood has been reported to correlate with
the degree of vasospasm [34]. In addition to
vasospasm of large arteries adjacent to the circle
of Willis, vasoconstriction of small parenchymal
vessels, referred as microvascular spasm, has
been proposed to play a role in both EBI and
DCI as well [4, 32]. Microvascular spasm occurs
first in the early stage of SAH, followed by pro-
gressively larger vessel spasm in the delayed
injury period [4].

The red blood cells that spill into the sub-
arachnoid space break down and degrade over
time, producing derivatives such as hemoglobin,
methemoglobin, oxyhemoglobin, heme, and
hemin [32]. Oxidized hemoglobin from lysis of
the subarachnoid clot initiates complex patho-
physiologic cascades in the early brain injury
period [4, 32]. Free hemoglobin and hemin gen-
erate superoxide radicals, lipid peroxidation, bili-
rubin oxidation (BOX) products, endothelin-1,
and the endogenous NO inhibitor; they peak at
3-8 daysafter SAH [2, 4,29, 32]. Oxyhemoglobin
also activates several pathways involving protein
kinase C, Rho kinase, and Tyrosine kinase, pro-
moting arteriolar smooth muscle contraction by
increased Ca?* influx via voltage-sensitive cal-
cium channels [29].

Endothelial dysfunction is considered one of
the factors in early vasoconstriction. Endothelial
denudation, smooth muscle thickening, and
impaired endothelial controls of vasomotor tone
have been observed in vasospastic vessels [2].
Vasomotor tone is mainly controlled by releasing
of spasmogens (such as endothelin-1 and
20-hydroxyeicosatetraenoic acid) and relaxant
agents (such as NO, prostaglandin-I, and epoxye-
icosatrienoic acid) from the endothelium [2, 7,
29]. Endothelin-1 is one of the most potent
endogenous vasoconstrictors. It is produced
mainly by endothelium as a consequence of stim-
ulation by  oxyhemoglobin, endothelial
denudation, or ischemic insult [2, 29]. It is sug-
gested that the early increase in endothelin-1
level as well as a decrease in NO activity pro-
motes vascular constriction in delayed vasospasm
in SAH [29].

Hemoglobin-induced oxidative stress also
plays an important role in early and delayed brain
injury [32]. Oxygen free radicals (ROS), such as
superoxide anion, hydroxyl radical, hydrogen per-
oxide, NO, and peroxynitrite, are generated during
oxidation of hemoglobin along with an increased
NO synthase (NOS) activity, disrupted mitochon-
drial respiration, a hypoxic conversion of endothe-
lial xanthine dehydrogenase to xanthine oxidase,
lipid peroxidation, and upregulation of NADPH
oxidase [2, 29]. As a result of oxidative stress,
serial pathologic processes involving early and
delayed brain injury occur; these include degra-
dation of the vascular wall, disruption of the
blood-brain barrier (BBB), vasoconstriction
through releasing leukotriene C, and prostaglan-
din D, from the lipoxygenase and cyclooxygen-
ase pathways, and apoptotic cell death [1, 2, 29].
Among these, alteration in cerebral NO level
plays an important role in regulation of cerebral
blood flow and smooth muscle cell proliferation
[1]. A decrease in cerebral NO level immediately
after SAH is due to a natural scavenging system,
including hemoglobin, free radicals, and vascular
neutrophils [2]. It then increases within 24 hours
after SAH, recovering above the basal level,
along with saturation of scavenging mechanisms
combined with an increase in NOS activity [2]. A
temporary reduction of cerebral NO level appar-
ently accompanies constriction of cerebral ves-
sels. If NO increases pathologically, it acts as a
free radical itself in the form of peroxynitrite,
resulting in NO-mediated cell injury of the endo-
thelium and smooth muscle cell [1, 2].

Apoptosis of endothelial cells and necrosis of
astrocytes by oxidative stress result in the disrup-
tion of the BBB [1, 2, 29, 32]. Activation of
autophagy in neurons has been implicated in the
pathogenesis of EBI. It has been demonstrated
that serum levels of neuron-specific enolase, a
marker of neuronal injury, and S100-B, a marker
of glial injury, are elevated in poor-grade patients
and those with delayed neurological deterioration
[2]. Recent studies have demonstrated that apop-
totic cell death is evoked via caspase-dependent
intrinsic pathway (caspase-3, 8, and 9), activated
by an increased intracellular calcium level in the
early stage of SAH and an extrinsic death receptor
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pathway mediated by the TNF receptor in the late
phase of SAH [2, 29].

Voltage-gated calcium channels are attributed
to maintaining ionic gradients across the cell
membrane. L-type Ca?* channel has been shown
to be strongly correlated with vasospasm in
SAH, and dihydropyridine L-type Ca*" channel
antagonists are proved to be useful for the pre-
vention of vasospasm and DCI in SAH [4].
Recently, the possible significance of impaired
cellular calcium homeostasis through the R- and
T-types has also been proposed in delayed cere-
bral ischemia [4]. The aberrant increase in intra-
cellular calcium leads to vasoconstriction,
release of glutamate, and activation of various
molecules mediating cell death [2]. An increase
in extracellular concentration of glutamate rep-
resents activation of the N-methyl-D-aspartate
(NMDA) receptor with massive calcium influx;
this consequently leads to cellular leakage and
BBB disruption and is associated with the sever-
ity of initial brain injury [2].

Microvascular Alteration, Dysfunction,

and Spasm

Regions of perfusion mismatch, in which perfu-
sion deficit or infarction occurs without evidence
of large vessel vasospasm, have been noticed in
positron emission tomography (PET), magnetic
resonance imaging (MRI), and computed tomog-
raphy (CT) in the early brain injury period.
Impaired neurovascular coupling, including neu-
rons, astrocytes, and endothelium, results in a
patchy microvascular constriction seen in the early
phase following SAH, in approximately 70% of
cerebral arterioles [4, 29]. This environmental
change in microvasculature has been proposed as
part of the fundamental background for an initia-
tion of EBI and DCI. In addition to the direct vaso-
spastic effect of oxygenated hemoglobin and its
breakdown products, several other factors contrib-
ute to microvascular narrowing; these include
swollen astrocytic end feet, constricted pericytes,
and cerebral edema. Recently, the role of pericytes
in the regulation of microcirculation has been
emphasized based on its effect on the capillary
microscopic distribution of blood, so-called capil-
lary transit time heterogeneity (CTH) [4].

Prolonged constriction or thrombosis of cerebral
arterioles after SAH may result in an impairment
of cerebral autoregulation; this autoregulatory fail-
ure is more frequently associated with DCI than
those with intact autoregulation [29].

Microthrombosis

When SAH occurs, the tissue factor is released
from the damaged brain cells and endothelium
to systemic circulation, which activates the
coagulation cascade. The last step in the coagu-
lation cascade is thrombin activation, which
promotes fibrin and platelet aggregation on the
damaged aneurysmal wall to prevent further
bleeding [2, 15].

Platelet activation and aggregation appear in
the early course of SAH, around 5 minutes after
experimental SAH and 48 hours after clinical
SAH [2, 29]. In an autopsy series, formation of
microthrombi is seen as well, where platelet
aggregates in intraparenchymal microvessels
and within pial arterioles, with the exception of
the parent vessel of the ruptured aneurysm or a
vessel affecting vasospasm [2]. Interestingly,
these microthrombi have been observed in a
biphasic pattern, at 4 days and between 7 and
14 days after SAH [29]. In the clinical setting,
microemboli can be observed using transcranial
Doppler ultrasound in up to 30%—70% of the
patients with SAH [4]. Antithrombin inhibits
thrombin action by forming a thrombin-anti-
thrombin (TAT) complex. This TAT complex is
elevated in the acute state of SAH, especially in
those with severe brain damage and rebleeding;
this indicates that it is hypercoagulable in the
early stage of SAH [15].

Formation of microthrombi is the result of a
multifactorial process. Platelet activation and
aggregation are initiated from the mechanical
obstruction of vessel lumen and vasoconstriction
via the release of serotonin, adenosine diphos-
phate (ADP), and platelet-derived growth factor
(PDGF) [2, 29]. Denuded endothelium exposes
collagen, von Willebrand factor, and thrombin,
further activating platelets and the coagulation
cascade [2, 29]. Platelet aggregates also release
thromboxanes, which promote vasoconstriction
in parenchymal and pial vasculatures [29].
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Fibrinolytic activity is also impaired, leading to a
vicious cycle of creating a procoagulable state
[29]. Along with the procoagulable state and
impaired fibrinolytic activity, the narrowing of
the arteriole and capillary lumen by swollen
astrocytic end feet and pericyte constriction also
affects microvascular thrombosis [4].

Microthromboemboli may also originate from
the site of the aneurysm rupture and move to
parenchymal vessels [2]. A recent study indicates
that microthrombi escape into the parenchyma
from the lumen, where they originally form in the
early stage of SAH [2]. The number of micro-
thrombi seems to be correlated to the degree of
SAH and vasoconstriction [2, 4].

Many experimental and clinical studies dem-
onstrate that microthrombosis contributes to
microvascular dysfunction and increases CTH. If
continued, it initiates additional inflammatory
processes and further aggravates brain injury,
leading to destruction of major proteins of the
vessel wall by releasing collagenases such as
MMP-2 and 9 [2, 26, 29]. These may lead to irre-
versible ischemic degeneration in the surround-
ing neural structure. Indeed, microthrombosis
has been associated with DCI, although not all
patients with microthrombi develop permanent
neurologic impairment [2, 4].

Neuroinflammation

A cascade of inflammatory reaction is initiated
by erythrocyte breakdown products along with
initial ischemia [32]. An increased concentration
of inflammatory cytokines in the early period of
SAH plays a critical role in the pathogenesis of
both EBI and DCI [2, 4, 32]. Elevation of
C-reactive protein (CRP), a highly sensitive
inflammatory protein, along with systemic
inflammatory response, including fever, leukocy-
tosis, tachycardia, and tachypnea, is frequently
observed in patients with acute stage SAH [2, 29,
35] and may be correlated with a poor clinical
outcome [4].

CD68 (the activated microglial marker) and
glial fibrillary acidic protein (GFAP, the specific
marker of the astrocyte) are highly expressed in
SAH, suggesting the microglia and the astrocyte
are activated and involved in both the early and

the delayed processes of SAH [4, 32]. Activation
of microglia and astrocyte within the first several
hours after SAH consequently upregulates endo-
thelial expression of adhesion molecules, such as
E-selectin, intercellular adhesion molecule-1
(ICAM-1), and vascular cell adhesion molecule-1
(VCAM-1), promoting parenchymal migration
of the inflammatory cells such as macrophages
and neutrophils [2, 4, 29, 32]. Further inflamma-
tory cascades are preceded by pro-inflammatory
cytokines, such as interleukin (IL)-1p, IL-6,
TNF-a, and endothelin-1, released from recruited
inflammatory cells [2, 4, 29, 35]. Activation of
complementary and inflammatory pathways,
such as a mitogen-activated protein kinase path-
way, further exaggerates vasoconstriction,
recruitment of inflammatory cells, increase in
vascular permeability, BBB disruption, and neu-
ronal cell death [2, 4, 29, 32, 35].

The role of the intracellular signaling path-
ways in inflammation has been studied [32].
Inhibition of inflammatory factors, such as toll-
like receptor 4 or c-Jun N-terminal kinase,
reduces the degree of vasospasm in animal stud-
ies [32]. The poly (ADP-ribose) polymerase
pathway is activated in the smooth muscle and
adventitia, promoting adhesion molecule expres-
sion and neutrophil recruitment [32]. The lectin-
complement pathway has also been shown to be
related with the degree of vasospasm [32].
Neuronal damage and apoptosis are demon-
strated with increased intracerebral accumulation
of microtubule-associated protein 2, myelin basic
protein, and cleaved caspase-3, which represent
axonal and neuronal injury [32].

Cortical Spreading Depolarization,
Depression, and Ischemia

Cortical spreading depolarization (CSD) is
waves of sustained neuronal depolarization,
generally demonstrated as propagating, poly-
phasic, slow potential changes in an electroen-
cephalogram [2, 4, 36]. CSD is a cortical
reaction to various stimuli and is usually associ-
ated with the breakdown of ionic gradients
across neuronal membranes, where massive
neuronal sodium and calcium influx occur along
with elevated levels of extracellular potassium
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and excitatory transmitters [2, 4, 29, 36]. A
water shift into a depolarized neural cell owing
to the loss of ionic gradients leads to cellular
swelling, activation of MMP-9, and breakdown
of the BBB [4, 29]. This hyperexcitability is fol-
lowed by a transient depression of spontaneous
electrocortical  activity, so-called cortical
spreading depression [4, 36]. Cortical spreading
depolarization induces a net increase in regional
CBF (spreading hyperemia), followed by a pro-
tracted hypoperfusion similar to neuronal
depression [4, 37]. In cerebral tissue at risk for
damage, however, this phenomenon contributes
to the ischemia progression that is referred as
cortical spreading ischemia [4, 37]. This phe-
nomenon is frequently observed in acute SAH
with a bimodal frequency distribution through
both the early and the delayed period [37]. There
is some speculation that cortical spreading
depolarization and ischemia may contribute to
development of early brain damage and delayed
ischemia in acute SAH [4]. Impairment of ionic
distribution, oxyhemoglobin, endothelin-1,
reduced NO, and increased glutamate activity
may precipitate cortical spreading depolariza-
tion in both the early and the late period of SAH
[2, 4]. Cortical spreading ischemia may promote
microvascular dysfunction, creating cerebral
edema and progressive ischemic cortical injury
[42]. Local microvascular dysfunction itself
also contributes to initiation of spreading isch-
emia and may act together in both early and
delayed brain injury [4].

4.1.2.4 General Medical Complication
after SAH

A hypothalamus-mediated adrenergic surge
occurs at the onset of SAH as a result of sudden
changes in perfusion pressure [29]. This adrener-
gic surge in the acute phase may be associated
with various cardiopulmonary disturbances,
including neurogenic pulmonary edema, cardiac
wall motion abnormality, arrhythmia, and sys-
temic inflammatory response [29, 35, 38, 39].
Cardiopulmonary complications may synergisti-
cally worsen hypoperfusion and hypoxia-related
brain injury for those who survived and are asso-
ciated with a poor clinical outcome [29, 38].

SAH-Induced Cardiac Dysfunction
SAH-induced cardiac dysfunction has been
referred to as neurogenic stunned myocardium,
neurogenic stress cardiomyopathy, and takotsubo
cardiomyopathy [39]. It presents as transient,
reversible, diffuse left ventricular dysfunction,
transient regional wall motion abnormalities,
elevation in cardiac enzymes, and electrocardio-
gram changes including QTc prolongation and
ST-T changes [39]. Electrocardiogram changes
can be found in almost all patients with SAH,
whereas echocardiographic wall motion abnor-
malities have been observed in a significant vari-
ation of incidence [39]. It occurs due to
catecholamine surging at the time of ictus as well
as underlying myocardial microvascular dys-
function and genetic polymorphisms. It has been
observed more frequently in those with a poor
clinical grade at the time of admission [32, 39].

Neurogenic Pulmonary Edema (NPE)

NPE after SAH has also been associated with
worse outcomes and death (Fig. 4.4). A massive
sympathetic discharge from a sudden increase in
intracranial pressure or brain damage may result
in a transient increase in pulmonary artery pres-
sure and subsequent hydrostatic pulmonary
edema [35, 38]. On the other hand, increased
capillary permeability due to a direct sympathetic
effect on the capillary endothelium, rather than
elevated pulmonary artery pressure, has been
suggested as another hypothesis for development
of NPE [38]. It is also possible that SAH-related
cardiac dysfunction leads to increased left atrial
pressure and subsequent pulmonary hyperten-
sion, resulting in pulmonary edema [38].

Electrolyte or Metabolic Disturbance

Electrolyte imbalance in sodium and potassium
is a frequently encountered clinical issue in the
management of patients with acute SAH.
Hypernatremia has been found most frequently
in subjects suffering from SAH. Its exact mecha-
nism is not fully understood; however, a central
origin of diabetes insipidus seems to be the most
common cause. Osmotic diuresis by the thera-
peutic use of mannitol partly plays a role in
hypernatremia as well. Hyponatremia develops
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Fig. 4.4 (a) A 52-year-old male presents with deep stu-
porous mental status. The initial brain computed tomogra-
phy (CT) shows subarachnoid hemorrhage with overt
intraventricular hemorrhage. (b) The initial chest X-ray
demonstrates neurogenic pulmonary edema with diffuse

in approximately 10-30% of SAH patients. Its
underlying mechanisms have been explained by
inappropriate secretion of antidiuretic hormone
(SIADH) and cerebral salt-wasting syndrome
(CSWS) [2]. SIADH is the most common cause
of hyponatremia in SAH and water retention with
excess secretion of antidiuretic hormone proba-
bly due to hypothalamic insult at ictus [2]. CSWS
leads to natriuresis, possibly owing to an increase
in humoral factors, including brain natriuretic
peptide or atrial natriuretic peptide.

Systemic Inflammatory Response

Syndrome

Systemic inflammatory response syndrome
(SIRS) is a syndrome with noninfectious hyper-
thermia, leukocytosis along with tachycardia,
and tachypnea [29, 35]. SIRS may develop in
patients with acute aneurysmal SAH, especially
for those with a poor clinical grade, a large bur-
den of clot, larger aneurysm size, and higher
blood glucose and blood pressure levels on
admission [35, 40]. This may result either from
activation of an inflammatory cascade with the
upregulated cytokines or release of circulating
catecholamine triggered by acute brain injury
[32, 35, 40]. Elevated levels of CRP in the early
stage after SAH reflect a systemic inflammatory
response, triggered by IL-6-mediated hepatic
production of acute-phase proteins [32, 35].

infiltration of haziness on the bilateral lung. (¢) A brain
CT taken on day 14 after ictus shows diffuse multiple low-
density lesions representing delayed cerebral ischemia
and infarction

Clinical data regarding SAH-related SIRS has
demonstrated that the presence of SIRS is associ-
ated with the development of vasospasm, hydro-
cephalus, and other systemic complications with
higher mortality and morbidity rates than those
without such complications [32, 35, 40]. These
findings indicate that SIRS after SAH represents
the severity of the initial ictal injury and further
progress of tissue damage [32].

4.2 Pathophysiology of Non-
aneurysmal Subarachnoid

Hemorrhage

Non-aneurysmal SAH is responsible for a minor-
ity of spontaneous cases of SAH, representing
approximately 6.8-20% of all spontaneous SAH
[3, 41, 42]. It has been proposed that the distribu-
tion of SAH on CT is related to the likelihood of
identifying underlying etiology [41, 43, 44]. CT
images of patients who have SAH with an
unknown etiology often exhibit an atypical pat-
tern of SAH, including perimesencephalic and
convexity SAH, as well as the classic pattern of
diffuse SAH [41-43, 45]. It is important to note
that 5-17.5% of patients with a classic pattern of
subarachnoid clot distribution and negative initial
catheter-based angiography might have aneu-
rysms on repeated angiography [41]. In these
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cases, diagnostic failure to detect aneurysms on
initial angiography probably occurs as a result of
thrombosis of the aneurysm, local vasospasm,
and obliteration of the aneurysm by the rupture.
Thus, it is important to exclude underlying
pathology as the source of hemorrhage.

Many different sources of bleeding have been
suggested in non-aneurysmal SAH, including
inflammatory lesions (mycotic aneurysms, vas-
culitis), vascular anomaly other than aneurysms
(spontaneous arterial dissection, vascular malfor-
mation, moyamoya disease, venous thrombosis,
and cerebral amyloid angiopathy), vascular or
neoplastic lesions in the cervical spine, coagu-
lopathies, tumor, and drug use [3, 41, 42, 44-48].
One of the well-known conditions among angio-
graphic negative SAH is the so-called perimesen-
cephalic non-aneurysmal SAH (PNSAH), which
accounts for about 26.3—-70% of non-aneurysmal
SAH [42, 43, 45]. It is widely accepted to distin-
guish PNSAH, in which SAH is typically con-
centrated near the pons and midbrain and has a
uniformly benign prognosis [41-43, 45], from
other types of non-aneurysmal SAH, where it has
a more varied degree of distribution and diverse
clinical outcomes as well as various underlying
etiologies [43].

4.2.1 Perimesencephalic Non-
aneurysmal Subarachnoid

Hemorrhage

PNSAH can be described as focal SAH accumu-
lated predominantly in the perimesencephalic cis-
terns, usually at the anterior to the midbrain and
pons or, infrequently, in the quadrigeminal cis-
tern, with no more than minimal blood in the
Sylvian and interhemispheric fissures and without
overt intraventricular hemorrhage [3, 41, 42, 45].
The term PNSAH is widely accepted to describe
this entity, though it is also referred to by various
terms, such as pretruncal, pre-mesencephalic, or
cryptogenic SAH. Approximately 21-77% of
patients with SAH with no identifiable cause for
the hemorrhage on initial work-up have been
reported to have a PNSAH pattern of bleeding on
the CT scan [41]. PNSAH has a slight male pre-

dominance in contrast to female predominance in
aneurysmal SAH; it may be associated with
hypertension, diabetes, alcohol abuse, and physi-
cal activity such as physical straining at the time
of ictus [41]. The origin of the bleeding in PNSAH
is still unclear and may be diverse. Suggested eti-
ologies for PNSAH are mainly divided into arte-
rial and venous pathologies; however, the
diagnosis of PNSAH should still be a diagnosis of
exclusion [42, 45].

4.2.1.1 Rupture of a Small Perforating
Artery

It has been suggested that PNSAH is likely to
have a non-visualized tiny aneurysm of the per-
forators around the mesencephalon or basilar
artery itself [41, 49]. Although current diagnos-
tic images are able to detect small aneurysms, a
very tiny one could be missed on the initial
work-up owing to intra-aneurysmal thrombosis,
collapse of volume following the rupture, or by
its small size itself, which has subsequently
sealed [49]. Possible perforators that bleed
around the mesencephalon as an explanation for
PNSAH include posterior thalamoperforating
arteries arising from the P1 segment of the pos-
terior cerebral artery (PCA), the artery of
Davidoff and Schechter (a branch of the P2 seg-
ment of the PCA), paramedian mesencephalic
arteries (branches of the PCA or sometimes the
basilar artery), and perforators from lateral sur-
faces of the upper basilar artery (Fig. 4.5). The
diameter of these perforators is measured as
0.24-1.18 mm in an autopsy study [50]. Hence,
vascular lesions arising from these small perfo-
rators may spontaneously resolve, negating fur-
ther evaluation and therapeutic intervention.
Intramural hematoma of basilar arterial dissec-
tion has also been proposed as a possible bleed-
ing mechanism in PNSAH [49].

4.2.1.2 Anatomic Variation in Deep
and Perimesencephalic Venous
Drainage System
Physical activity involving the Valsalva maneu-
ver at the time of ictus has been suggested as a
risk factor for NPSAH, reaching 16-50% across
all studies [41, 42]. Physical straining that
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Fig.4.5 (a—c) The brain computed tomography (CT) of a
53-year-old male who presented with headache shows
focal hemorrhage accumulated predominantly in the pre-

increases thoracic pressure and reduces jugular
back flow consequently elevates an intracranial
venous pressure at the time of ictus [42].
Accordingly, possible venous bleeding from
abnormal deep venous drainage has been
proposed as one of explanations for PNSAH [41,
42, 45]. Rupture of a vein in the prepontine or
interpeduncular cistern is also proposed as a
likely cause of bleeding in PNSAH [3].

A variation of the basal vein of Rosenthal
(BVR) and its tributaries are being explored as

pontine cisterns. (d) Three-dimensional rotational angiog-
raphy reveals a tiny aneurysmal budding near the basilar
top (white arrow)

a likely cause of PNSAH [42]. When the BVR
drains directly into the dural sinus instead of
the vein of Galen, it can be classified as primi-
tive-type BVR [42]. It has been shown that
patients with PNSAH have higher rates of
primitive-type BVR (40-66%) compared with
those having aneurysmal SAH (10-19%) [41,
42]. The direct connection of perimesence-
phalic veins with the dural sinuses may be more
prone to rupture in case of sudden increase of
venous pressure [42]. In addition, some of the
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primitive veins circulate across the tentorial
margin, which is more vulnerable to rupture
when exposed to torsion or friction [42]. In a
normal venous drainage pattern, a small caliber
of BVR is more likely to have an association
with PNSAH. In addition, anomalies of the
venous system, such as stenosis of the vein of
Galen and straight sinus, as well as jugular vein
occlusion, have been proposed as underlying
pathology [41]. However, a limitation in
explaining venous theories as the cause of
PNSAH is that not all cases of PNSAH have
abnormal venous drainage, and PNSAH is less
likely to recur even if the anatomic variation is
not corrected [42]. Some authors explain that
the venous rupture is healed by a fibrous tissue
reaction that strengthens the vein walls [42].

4.2.2 Convexal or Cortical
Subarachnoid Hemorrhage

Convexal or cortical SAH is a localized clot in
the subarachnoid space, adjacent to one or more
sulci near the convexity, with no associated blood
in the basal cisterns or elsewhere [44, 46, 48].
Due to the high rates of misdiagnosis from a rela-
tively small clot burden and its atypical location
of hemorrhage, MRI is considered a better diag-
nostic tool than CT for localizing acute or sub-
acute convexal SAH, which shows hyperintense
and hypointense signals in fluid-attenuated inver-
sion recovery images and T2-weighted images,
respectively [46—48].

The clinical course and prognosis of convexal
SAH are quite different from those of
PNSAH. Convexal SAH can present atypical
symptoms, such as transient focal sensorimotor
symptoms or epileptic seizure, and has a rela-
tively poor clinical outcome [44, 46, 48]. The
underlying cause of convexal SAH includes cere-
bral venous sinus/cortical vein thrombosis, poste-
rior reversible leukoencephalopathy syndromes,
arteriovenous fistula or malformations, hyperper-
fusion syndrome after revascularization, revers-
ible cerebral vasoconstriction syndrome (RCVS),
and cerebral amyloid angiopathy (CAA) [44,
46-48].

4.2.2.1 Reversible Cerebral
Vasoconstriction Syndrome
(RCVS)

It has been reported that 22% of patients with
RCVS have cortical SAH as an early complication,
occurring mainly within the first week. One study
found that about 60% of the convexal hemorrhage
was included in this category [44]. RCVS is char-
acterized by the recurrent thunderclap headache
with multiple peripheral narrowing of cerebral
arteries. It resolves spontaneously within
1-3 months [48]. This rare disease has been
referred to by various names, including isolated
angiitis of the central nervous system, isolated
benign cerebral vasculitis, central nervous system
pseudovasculitis, postpartum angiopathy, migrain-
ous vasospasm, and drug-induced cerebral vascu-
lopathy [48]. SAH due to RCVS frequently
presents as a small, localized unilateral or bilateral
cortical SAH on MRI and has a female predomi-
nance [44, 48]. It is interesting to note that the dif-
fuse vasoconstriction observed in RCVS cannot be
explained by vasospasm because the constricted
arteries mostly do not have direct contact with the
subarachnoid clot. A transient disturbance in the
control of vascular tone has been suggested as a
pathophysiology of tandem arterial narrowing [48].
As hemorrhage mostly occurs within the first week,
it is assumed that abnormal control of cerebrovas-
cular tone involves small distal arteries responsible
for hemorrhages in the early phase of the clinical
course, which then affects more proximal large
arteries later [48]. The use of drugs such as vaso-
constrictors may be a risk factor for RCVS [48].

4.2.2.2 Cerebral Amyloid Angiopathy
(CAA)

The frequent association of convexal SAH with
cortical microbleeds, leukoaraiosis, and superfi-
cial siderosis supports the assumption of CAA as
a possible etiologic cause for convexal SAH
across the studies, especially in patients over
60 years old [44, 46]. In recent studies, 30-40%
of CAA-associated convexal SAH had recurrent
bleeding on follow-up [44]. A high prevalence of
superficial siderosis in pathologically proven
CAA also suggests that CAA-associated SAH
might be a recurrent event [44, 46].
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CAA-related SAH wusually presents in
patients with focal neurologic symptoms mim-
icking transient ischemic attack rather than
thunderclap headache [44, 46]. Spreading isch-
emia or focal seizure has been proposed to
explain these focal symptoms [46]. It is still
unclear whether the bleeding focus of the con-
vexal SAH is the cortical or the leptomeningeal
artery. In an autopsy study of CAA-associated
hemorrhage, AB3-amyloid deposition was more
prominent in the meningeal vessels than in the
cortical artery [51]. Based on this report, lepto-
meningeal vessels might be more responsible

for bleeding than cortical arteries in CAA-
associated convexal SAH.

4.2.2.3 Cortical Venous Thrombosis

Cortical venous thrombosis (CVT) can present
as an isolated SAH. In one study, 6.4% of CVT
involving in continuity with dural sinus thrombo-
sis had SAH that was always localized, involving
only a few sulci and invariably located adjacent
to the thrombosis at the convexities without overt
intracerebral hemorrhage [47]. Cortical swell-
ing and edema may be associated with the CVT-
related convexal SAH (Fig. 4.6) [47]. Diagnosis of

Fig. 4.6 (a). The brain computed tomography (CT) of a
23-year-old male who presents with epileptic seizures
shows a focal subarachnoid hemorrhage in the bilateral
frontal sulci. (b) Magnetic resonance image (MRI) shows
accompanying frontal lobe edema adjacent to a subarach-

noid clot. (¢) The venous phase of the left internal carotid
artery (ICA) angiogram reveals superior sagittal sinus
thrombosis with cortical venous thrombosis. (d) A right
ICA angiogram also shows occlusion of the anterior half
of the superior sagittal sinus
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an isolated CVT is difficult because of variations
in the number and location of the cortical veins.
In addition, the presence of cortical SAH further
prevents differentiating cortical vein thrombosis
from fresh clot [47]. A differential finding between
cortical vein thrombosis and cortical SAH in
T2-weighted MRI is that cortical vein thrombo-
sis might be seen as a hypointense tubular struc-
ture, while SAH appears as a slight hemosiderin
deposit. It is suggested that increased venous pres-
sure in the venous thrombosis leads to rupture of
the adjacent cortical vein and parenchymal hemor-
rhage leaks to the subarachnoid space.

4.2.3 Diffuse-Type Subarachnoid
Hemorrhage Without Cerebral
Aneurysms

A significant number of SAH with no identifiable
aneurysm have diffuse, thick subarachnoid clots
around the basal and Sylvian cisterns, mimicking
the typical pattern of aneurysmal SAH rather
than those of focal accumulation of clot in
PNSAH [43, 45]. One report showed that about
60% of the patients with angiographically nega-
tive SAH fit the diffuse subtype [43]. The origin
of the bleeding for these criteria has not been
fully established; however, a substantial percent-
age of these patients has reduced platelet activity
with aspirin use even though the underlying
pathologies might be similar to the typical
PNSAH [45]. As expected, large hemorrhagic
volumes are associated with a higher prevalence
of hydrocephalus than typical PNSAH; neverthe-
less, they have lower mortality and a better clini-
cal outcome compared to aneurysmal SAH
because of the absence of active arterial bleeding
and a lower incidence of rebleeding [43, 45].

4.2.4 Prognosis of Non-aneurysmal
Subarachnoid Hemorrhage

In general, PNSAH is considered to have a benign
clinical course, a low risk of complications, and a
short hospital stay [41, 42, 45]. Incidence of
shunt-dependent hydrocephalus and symptom-

atic vasospasm was reported as 9.6%, which is
significantly less than aneurysmal SAH [43]. It is
expected that 97% of patients with PNSAH will
be able to live independently at the time of dis-
charge [41, 43].

Non-perimesencephalic diffuse SAH has some
risk of having an underlying cause for the hemor-
rhage, such as coagulopathy or platelet dysfunc-
tion, mostly secondary to anticoagulant or
antiplatelet agent [41, 45]. One study reported
7.4% of the patients with non-aneurysmal SAH
had an antithrombotic medication [41]. The
patients with this entity may be more likely to have
a larger clot burden and a poorer outcome [41, 45].
Patients with diffuse aneurysmal bleeding patterns
have a significantly higher rate of complications
than PNSAH, even though their mortality and
morbidity rates vary substantially across studies.
These inconsistent clinical results of non-aneurys-
mal diffuse SAH are drawn from previously pub-
lished studies performed in different decades and
countries. The differences may stem from overes-
timation of the true complication rates because
some of them might include angiographic occult
aneurysmal SAH before the introduction of high-
quality digital subtraction angiography and three-
dimensional rotational angiography.

It has been reported that more hemorrhage on
CT than is typical for PNSAH is related to an
increased risk of hydrocephalus [45]. In compari-
son with PNSAH, diffuse-type non-aneurysmal
SAH has an increased incidence of hydrocepha-
lus (50.8% vs. 9.6%) and symptomatic vaso-
spasm (28.6% vs. 9.6%) [43]. Only 76% of
diffuse-type non-aneurysmal SAH has been
reported to achieve complete recovery and inde-
pendent living in the same reports [43].

The prognosis of patients who have isolated
convexal hemorrhage has also been reported to
be poor, at least for the elderly, even in the
absence of recurrent hemorrhage [44, 46, 48]. In
recent clinical series, previous bleeding and
extensive white matter hyperintensities were sig-
nificantly associated with increased disability.
Furthermore, high rates of subsequent ischemic
infarctions and intracerebral hemorrhage have
been reported to contribute to unfavorable out-
comes in these patients [48].
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Pathophysiology of Arteriovenous
Anomaly-Related Hemorrhage

Jae H. Choi and John Pile-Spellman

Brain arteriovenous malformations (AVMs) and
dural arteriovenous fistulas (DAVFs, sometimes
referred to as dural AVM) belong to the group of
intracranial vascular malformations (IVMs).
Although uncommon, they are important causes
of intracranial hemorrhage [1-3]. Brain AVMs
are the most frequent IVMs, whereas DAVFs are
the least frequent.

The detection rates from population-based
studies for brain AVMs range between
1.1/100,000 person-years (Olmsted County,
Minnesota, USA) [2] and 1.34/100,000 person-
years (NY Islands, NY, USA) [4]. Brain AVMs
may present with hemorrhage, most commonly
in the third and fourth decade of life with equal
distribution between both sexes (incidence rate of
0.51/100,000 person-years in the NY Islands and
0.7/100,000 person-years in Olmsted County). A
pooled patient-level meta-analysis over more
than 6000 patient-years of follow-up revealed an
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average annual hemorrhage rate of 2.3% (95%
confidence interval (CI) 2.0-2.7%) in patients
with brain AVMs [5]. The only randomized con-
trolled trial comparing the outcome in patients
with unruptured brain AVMs (all deemed treat-
able with invasive means) following medical
therapy versus eradication therapy found a bleed-
ing rate of 5.6% in the medical group over
33 months of follow-up (A Randomized trial of
Unruptured Brain Arteriovenous Malformations,
ARUBA) [6].

DAVFs make up 6-15% of IVMs with age-
and gender-adjusted detection rates of 0.15 to
0.43/100,000/year (Olmsted County) [2] and a
crude detection rate of 0.16/100,000/year (95%
CI, 0.08-0.27) in a Scottish population [1].
Hospital-based cohort studies found annual hem-
orrhage rates of 4.5-35% with no clear prefer-
ence for either gender owing the large variability
to significant selection bias [7-10]. DAVFs typi-
cally present in the fifth and sixth decade of life.

AVMs and DAVFs are characterized by direct
connections between the artery and vein, lacking
capillaries and often times smaller arterioles and
venules [3, 11]. The angioarchitecture may be
complex in a brain AVM, consisting of (1) mul-
tiple feeding arteries usually from branches of
intracerebral vessels; (2) a tangled conglomerate
of abnormal vessels, the nidus, located in the
brain parenchyma or cortex; and (3) draining
veins. DAVFs may consist of multiple AV con-
nections, so-called shunts or fistulas [12, 13].
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However, DAVFs typically located along the dura
do not form a nidus, receive their blood supply
usually from meningeal artery branches, and
drain directly or via cortical and leptomeningeal
veins into the venous sinuses. Aneurysms may be
found along the feeding arteries and within the
nidus [14, 15].

AVMs are considered congenital anomalies
and may evolve over time. Some genetic disor-
ders, such as hereditary hemorrhagic telangiecta-
sia, are associated with the occurrence of brain
AVMs. Most DAVFs are probably idiopathic.
However, their occurrence has been associated
with preceding trauma, venous thrombosis, and
venous stenosis. The clinical outcome following
rupture of an AVM or DAVF is usually more
benign compared to the outcome following aneu-
rysmal subarachnoid hemorrhage or primary
intracerebral hemorrhage [16—18]. However, any
IVM-related bleeding event carries a certain risk
of mortality and morbidity which has been found
to depend on various clinical and anatomical
factors.

The present chapter attempts to review clini-
cal and anatomical factors, as well as physiologi-
cal and molecular mechanisms, that are related to
hemorrhage from brain AVMs and DAVFs.
Conceptual diagrams of pathophysiology of
AVM-related hemorrhages and DAVF-related
hemorrhages are described in Fig. 5.1.

5.1 Pathophysiology
of Arteriovenous
Malformation-Related

Hemorrhage

Brain AVMs consist of three distinct anatomical
parts [3, 11, 19]. First, there are arterial feeders
that may arise from any of the intracranial ves-
sels. AVM-feeding arteries may follow on to nur-
ture the brain tissue after contributing to the
AVM’s blood supply as en passage vessels.
Second, a complex tangled bundle of abnormal
vessels makes up the nidus that may be located in
any part of the brain parenchyma. A supratento-
rial location of the lesion is most common.
However, these abnormal vessels, lacking capil-

laries, are not part of neurovascular units and thus
do not actively contribute to tissue metabolism.
The perinidal hemodynamic and metabolic phys-
iology may be complex as there is evidence for
functional reorganization, metabolic redistribu-
tion, and displacement of adjacent tissue which
may result in non-hemorrhagic focal neurologi-
cal deficits [20-23]. The absence of critical brain
tissue within the lesion may help explain the rela-
tively benign clinical outcome following AVM
bleed compared to the consequences often seen
after intracerebral hemorrhage [6, 16, 17, 24, 25].
The nidus may connect to the ventricular system
and lead to ventricular hemorrhage in case of a
rupture. Finally, blood from the nidus may drain
into superficial or deep cerebral veins or both.
Aneurysms may be associated with the AVM and
found along feeding arteries (flow-related aneu-
rysms) and within the nidus (intranidal aneu-
rysms) [14, 15]. The hemodynamic pattern of an
AVM is characterized by low-resistance and
either high-flow or low-flow shunt [26].

The source of AVM-related hemorrhages may
be located in any of the three anatomical parts
[16, 27, 28]. However, hemorrhage usually origi-
nates from parts of the nidus or the draining vein
(Figs. 5.2, 5.3, and 5.4). The arterial source is
often a flow-related aneurysm (subarachnoid
hemorrhage). Brain AVMs are classified using
the Spetzler-Martin scale (SMS) with scores
ranging from 1 to 5 (Table 5.1; see ref. [19]. The
SMS classifies AVMs according to size, eloquent
versus non-eloquent location, and venous drain-
age type. A high SMS score is associated with
increased risk for permanent neurological deficit
after surgery.

Hemorrhagic presentation is the most impor-
tant independent risk factor for future AVM-related
bleeds: hazard ratio (HR) of 5.38 (95% CI 2.64—
10.96), the Columbia AVM database (C-AVM)
[29]; HR 3.86 (95% CI 2.42-6.14), Multicenter
AVM Research Study (MARS) with pooled
4-cohort patient-level meta-analysis [5]; and HR
3.2 (95% CI 2.1-4.3), literature review and meta-
analysis (Lit-Meta) [30]. This is not difficult to
comprehend, as a hemorrhagic event may be an
indication for a structural or hemodynamic insta-
bility of the lesion. Thus, early eradication therapy
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Fig. 5.2 CASE 1. Infratentorial brain AVM with pre-
sumed nidal bleed (left) in a 16-year-old girl. The patient
awoke early morning with a sharp pain in the back of her
head which progressed over the next couple of hours with
development of numbness of her lower lip and tongue,

| .

Fig.5.3 CASE 2. Ruptured left thalamic brain AVM in a
6Y2 years old found comatose in his bed in the morning
(left). Intubated, he was localizing with his left arm.
External ventricular drainage was placed for hydrocepha-

is the recommended course of action in AVM
patients with hemorrhagic presentation [31].
Another often cited risk factor for AVM-related
hemorrhage is deep location of the lesion: HR 3.25
(95% CI 1.30-8.16), C-AVM, and HR 2.4 (95% CI

N

later followed by development of visual disturbance and
finally, becoming obtunded. Left vertebral artery injection
(middle) showing AVM (black arrow) fed by the posterior
inferior cerebellar artery and the superior cerebellar artery
with drainage into the superior petrosal veins (right)

-

lus. CT angiogram shows a thin area of curve linear
enhancement in the anterior aspect of the thalamus repre-
senting a small AVM (white arrow; middle/right)

1.4-3.4), Lit-Meta. This may be related to the fact
that deep lesions usually drain into the deep cerebral
veins. Hereby, exclusively deep drainage patterns
have been found to be independent risk factors for
future hemorrhage: HR 2.39 (95% CI 1.01-5.67),
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Fig.5.4 CASE 2. Ruptured left thalamic brain AVM. Left
vertebral artery injection shows tiny arteriovenous malfor-
mation (black arrow) in the thalamus (left). AVM after

Table 5.1 The Spetzler-Martin brain arteriovenous mal-
formation (AVM) scale

Characteristic of brain

AVM Points
Size Small 1
(diameter < 3 cm)
Medium (diameter 2
3-6 cm)
Large 3
(diameter > 6 cm)
Location Non-eloquent 0
Eloquent* 1
Venous drainage Superficial only 0
Any deep 1

High scores (range 1-5) are associated with an elevated
risk of permanent neurological deficit after resection sur-
gery. Reproduced by permission of Journal of
Neurosurgery [19]

aLanguage, visual cortex, sensorimotor, basal ganglia,
brainstem, cerebellar peduncles or nuclei.

C-AVM, and HR 2.4 (95% CI 1.1-3.8), Lit-Meta.
In fact, the presence of both deep location and deep
drainage was associated with the highest hemor-
rhage rates (annual rate of 34.3%) versus deep loca-
tion (14.8%), deep drainage (11.4%), and absence
of these factors (4.5%) (C-AVM). Increasing intra-

L

partial obliteration (right). Patient underwent Gamma
Knife radiosurgery with total obliteration of the lesion

nidal pressure is assumed to be one key mechanism
for rupture [27, 28, 32]. In principle, this intrale-
sional pressure elevation may be caused by changes
in any part of the AVM. For instance, a thrombosed
vein causes venous stenosis which in turn leads to
venous hypertension aggravated by continuous high
arterial inflow [33]. The tipping point then consti-
tutes a hemorrhagic event.

Age has been found to be associated with
AVM hemorrhage: HR 1.05 per year (95% CI
1.03-1.08), C-AVM, and HR 1.34 per decade
(95% CI 1.17-1.53), MARS. This may be related
to a common aging process with decreasing
capacity for and failure of vascular repair and
hemodynamic compensation.

The risk for future AVM hemorrhage follow-
ing an initial presentation and diagnostic event is
distinguished from the risk of the initial AVM
bleed. The average annual hemorrhage rate dur-
ing follow-up was 2.8% (95% CI 1.7-3.9) in
C-AVM and 23% (95% CI 2.0-2.7) in
MARS. The future bleeding rate for patients pre-
senting with hemorrhage was higher (4.8% (95%
CI 3.9-5.9) than the rate for those without initial
bleed(1.3% (95% CI11.0-1.7)inMARS. Similarly,
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ARUBA showed a low hemorrhage risk in
patients with unruptured brain AVMs with 5.6%
over a 33-month follow-up period [6]. The risk
factors for initial AVM bleed were found to
include AVM size (OR 0.97 (95% CI 0.96-0.98),
deep brain location (OR 2.14 (95% CI 1.09-
4.22), borderzone location (OR 0.40 (95% CI
0.26-0.60), exclusive deep venous drainage (OR
1.84 (95% CI 1.11-3.07), and presence of associ-
ated arterial aneurysms (OR 2.70 (95% CI 1.72—
4.24) in C-AVM.

Brain AVMs are rare congenital conditions
[34, 35]. This makes epidemiological studies and
investigations of the natural history of the disease
extremely difficult. In addition, the risk for hem-
orrhagic events commonly triages the patient into
the pathway of eradication therapy. Thus, most
studies are hampered at least by referral and
selection bias. ARUBA is the only randomized
controlled trial to investigate the nature of the
disease before rupture and to compare this with
the clinical course following early invasive treat-
ment. The results show an early and sustained
improved outcome in patients who do not
undergo invasive treatment compared to those
who do.

Molecular mechanisms involved in the patho-
genesis of brain AVMs include angiogenetic and
inflammatory pathways [36]. The etiology of
brain AVMSs remains unknown. However, knowl-
edge gained from studies of genetic diseases that
manifest in the occurrence of AVMs, such as
hereditary hemorrhagic telangiectasia (HHT), an
autosomal dominant disorder, gives insight into
potential mechanisms of morphological change
and growth of the AVM that may lead to clinical
events, such as hemorrhage [37]. HHT is also
known as Rendu-Osler-Weber syndrome. Known
gene mutations code for endoglin (ENG, HHT1)
and activin receptor-like kinase 1 (ALK1, HHT2)
[38, 39]. ENG and ALKI1 are part of the TGF-
beta receptor complex (transforming growth fac-
tor beta) and are located on surfaces of cells, such
as white cells and endothelial cells. TGF-beta is a
cytokine that induces cell proliferation, differen-
tiation, and cell activation. Polymorphism in
genes involved in inflammation and atherosclero-
sis has been identified as candidates involved in

the evolution of AVMs. Affected genes include
IL-6, TNF-alpha, and ApoE [40-42].

5.2  Pathophysiology of Dural
Arteriovenous Fistula-

Related Hemorrhage

DAVFs consist of a single or multiple fistula or
shunts, direct connections between the artery and
vein [3, 43, 44]. As in AVMs, capillaries are
absent. Unlike AVMs, no nidus is found. DAVFs
are found along the intracranial dura usually with
feeders from dural branches of the external
carotid artery or vertebral artery. The internal
carotid artery may be involved in carotid-cavern-
ous fistula (CCF) either directly or via its dural
branches (indirect CCF). Venous drainage occurs
either directly into a venous sinus or via cortical
or leptomeningeal veins. DAVF-related hemor-
rhage may result in parenchymal, subarachnoid,
or ventricular bleeds (Figs. 5.5 and 5.6). The risk
of hemorrhage varies widely and depends on spe-
cific angiographical features. According to angi-
ographical findings, DAVFs are classified using
two widely used systems.

The Cognard type classification is a revised
adaptation of the Djinjian system (Tables 5.2 and
5.3) [45, 46]. The Djinjian system classifies
DAVFs into four types. Type I DAVFs drain
directly into a dural sinus. Type II DAVFs drain
into the dural sinus with retrograde drainage flow.
Type III DAVFs drain into leptomeningeal veins.
Type IV DAVFs are like type III with venous
ectasia. Cognard modified the Djinjian system by
adding the presence of cortical venous drainage
or CVD (Cognard Type IIb, ITa + b, IIL, IV, V).

The Borden- Shucart system is a further sim-
plified classification system for DAVFs
(Table 5.4) [47]. Type I DAVFs drain into the
dural sinus and have no CVD. Type Il DAVFs are
like type I with CVD. Type III DAVFs drain into
leptomeningeal veins and have CVD.

It has been found that higher-grade DAVFs
have an increased risk for hemorrhagic presenta-
tion and non-hemorrhagic neurological deficits.
In a multicenter pooled analysis of 295 patients
with DAVFs (M-Center), patients with Djinjian
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Fig. 5.5 CASE 3. Dural AVM with presumed feeding
artery aneurysm bleed in a 72-year-old woman presenting
with severe headache, meningism, and somnolence. Initial
CT shows subarachnoid and intraventricular blood (left).

Fig. 5.6 CASE 3. Dural AVM with presumed feeding
artery aneurysm bleed. Left vertebral artery injection
shows AVM (yellow asterisk) fed by the posterior inferior
cerebellar artery and the superior cerebellar artery with

type I (n = 66), III (n = 74), and IV (n = 29)
DAVFs presented with hemorrhage in 6%, 22%,
and 28%, respectively [18]. The annual bleeding
rates during follow-up (177 lesion-years) were
3.4%, 4.0%, and 9.1% for types II, III, and IV,
respectively. None of the patients with Djinjian

CT angiogram shows small posterior inferior cerebellar
artery aneurysms (white arrows) associated with sur-
rounding hemorrhage and the dural AVM (yellow aster-
isk) (right)

drainage into the torcula (left/middle). Two small aneu-
rysms (black arrows) are seen at the inflection point, asso-
ciated with the previously seen subarachnoid hemorrhage
(middle/right)

type I (n = 126) DAVF bled. Furthermore, the
study found that hemorrhagic presentation (HR
17.67 (95% CI 2.99-117)) and leptomeningeal
drainage (HR 10.39 (95% CI 1.11-1384) were
predictors of future hemorrhage. In fact, patients
with asymptomatic Djinjian type II-IV DAVFs
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had an annual hemorrhage rate of 2.9% vs. 46.2%
in patients who initially presented with hemor-
rhage. A single-center study (n = 85 DAVF
patients with cortical venous drainage) found
annual hemorrhage rates of 7.4% and 1.5% for
patients with hemorrhagic presentation and with-
out [48]. Only one patient with hemorrhage died
during the study period (58.5 patient-years).

CVD has been considered to increase the risk
of future hemorrhage. In 20 DAVF patients with
persistent CVD 7 suffered a bleed (of those 3 pre-
sented with hemorrhage) during 90 patient-years
of follow-up [49]. Ten patients (50%) either died
or were severely disabled during follow-up. The
relationship between CVD and risk of hemor-
rhage may also be reflected in the findings from
the M-Center study where hemorrhage risk rose
with increasing Djinjian type DAVFs.

Apart from drainage site and direction, the
location of the lesion has been associated with
hemorrhage risk. In the M-Center study, 78% and
75% of Djinjian type III and IV DAVFs were
located in the tentorium or cerebral convexity
whereas only 5% and 3% of type I and II were. In
contrast, type I and Il DAVFs were located mostly
in the transverse/sigmoid sinus and cavernous

Table 5.2 The Djinjian classification for dural arteriove-
nous fistula (DAVF) [46]

Drainage Venous
Type Drainage site flow ectasia
I Dural sinus Antegrade
II Dural sinus Retrograde
Il Leptomeningeal No
vein
IV~ Leptomeningeal Yes

vein

sinus (76% and 80%). However, the presence of
CVD may influence the risk of hemorrhage inde-
pendently from the location as only 30% of the
10 patients who died or were severely disabled
had DAVFs with tentorial location [9].

The final pathway leading to hemorrhage may
be like that considered for brain AVMs. Pressure
changes via venous stenosis and thrombosis lead-
ing to venous hypertension and finally rupture are
a potential mechanism [49].

5.3  Pathogenesis

of Arteriovenous Fistula

Although most DAVFs are considered idiopathic,
associations with trauma, thrombosis, or athero-
sclerosis are widely accepted [3, 44, 50]. In con-
junction with thrombosis, the presence of
hypercoagulable states has been reported, such as
factor V Leiden, antithrombin III deficiency, and
protein C/S deficiencies [50-52]. Preceding trau-
matic events may include head trauma and head
surgery but also vascular injury mechanisms from
infarcts, infections, and inflammation [36, 53-55].

Thrombosis of a cerebral sinus vein or lepto-
meningeal veins may lead to pressure elevation
proximal to the obstruction (venous hyperten-
sion) and result in pathological enlargement of

Table 5.4 The Borden-Shucart classification for dural
arteriovenous fistula (DAVF) [47]

Type Drainage site CVD
I Dural sinus No
II Dural sinus Yes
1II Leptomeningeal vein Yes

CVD cortical venous drainage.

Table 5.3 The Cognard classification for dural arteriovenous fistula (DAVF) [45]

Type Drainage site Drainage flow CVD Venous ectasia
I Dural sinus Antegrade No

Ila Dural sinus Retrograde Yes

IIb Dural sinus Antegrade Yes

Ila+b Dural sinus Retrograde Yes

1T Leptomeningeal vein Yes No

v Leptomeningeal vein Yes Yes

v Leptomeningeal vein Spinal perimed. vein* Yes

CVD cortical venous drainage.
*spinal perimedullary vein.
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pre-existing physiological arteriovenous shunts.
Furthermore, local pressure and flow changes
may promote neoangiogenetic mechanisms lead-
ing to development of arteriovenous shunts [56].
Finally, if biological repair mechanisms are
affected, e.g., due to genetic polymorphism, vas-
cular injury may follow a pathologic response-to-
injury pathway, leading to impaired or incomplete
repair with increased odds for the formation of
intracranial vascular malformations [36].
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Pathophysiology of Moyamoya

Disease

Seung-Ki Kim, Ji Yeoun Lee, and Kyu-Chang Wang

6.1 Introduction

Moyamoya disease (MMD) is an occlusive
cerebrovascular disease that is characterized by
idiopathic and progressive stenosis of the distal
portion of major intracranial arteries with abnor-
mal basal collaterals (“moyamoya” vessels) [1].
The internal carotid artery (ICA) and its major
branches (anterior carotid artery [ACA] and
middle cerebral artery [MCA]) are mainly
involved, but basilar artery (BA) and posterior
cerebral artery (PCA) stenosis is also detected
in some patients, especially during follow-up
[2]. When the vascular changes are associated
with well-recognized conditions, it is called
moyamoya syndrome (MMS). As the disease is
defined by the radiological morphology of ves-
sels, MMD may not be a homogeneous entity
but may instead comprise a heterogeneous
group of conditions.
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A diagnosis is made based on symptoms
and radiologic evaluation. The vessel morphol-
ogy and presence of infarction are evaluated
using brain magnetic resonance imaging (MRI)
and magnetic resonance angiography (MRA)
[3, 4]. Transfemoral cerebral angiography is
the gold standard modality to confirm the diag-
nosis. The regional blood flow status of the
brain is usually checked with perfusion MRI or
single photon emission computed tomography
(SPECT).

The prevalence of MMD shows a bimodal
age pattern: once in mid-childhood and again
during the late 40s [3]. The presentation and
treatment policy of pediatric and adult MMD
are different. Hemorrhagic presentation is very
rare in children, but it is not uncommon in adult
patients [5].

The common sites of intracranial hemorrhage
are the basal ganglia, thalamus, and near the lat-
eral ventricle wall, so possible role of moyamoya
vessels has been suspected. Some reports have
shown that in cases with no moyamoya vessel
dilatation, other arteries such as anterior choroi-
dal artery or posterior communicating artery sup-
plying the hemorrhage area showed dilatation
[6]. According to morphometric evaluation using
autopsy specimens, the dilated arteries in MMD
seem to have fibrosis and attenuation of the
media, with irregular segmentation of the elastic
lamina. Under the condition of hemodynamic
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stress or aging, the attenuated walls in these
dilated arteries may be predisposing factor for
microaneurysm formation. The rupture of the
microaneurysm is hypothesized to cause bleed-
ing in MMD patients [7].

For pediatric patients, indirect revasculariza-
tion is the primary treatment of choice, but in
adults, it is controversial whether indirect revas-
cularization is equivalent to direct bypass proce-
dures [5, 8-14].

Much work has been done to elucidate the
pathophysiology of MMD over the years. Due to
the inaccessibility of the involved vessel during
surgery, blood, cerebrospinal fluid (CSF), and
urine have been used for molecular and genomic
analyses. The attempts to establish an animal
model of the disease have yet to be successful,
but recent technical advances in genomic analy-
sis have shed light on the field. This chapter cov-
ers the current knowledge of the pathophysiology
of MMD in various aspects: proteins (growth fac-
tors and cytokines), cells, autoimmunity, biome-
chanics, and genes.

6.2 Pathology

Autopsy specimens of the stenotic arteries
revealed that the fibrocellular thickening of the
intima, an irregular undulation (‘“waving”) of the
internal elastic lamina, and attenuation of media
are the main histopathological findings of
MMD. Smooth muscle cell hyperplasia is typi-
cally found in the thickened intima. These smooth
muscle cells are considered to be the synthetic
type and to migrate from the media [15-17]. In
contrast to atherosclerosis, inflammatory cell
infiltration and the presence of lipid-laden foamy
macrophages are not found in the stenotic vessels
of MMD.

The moyamoya vessels, the basal collaterals
that are dilated perforating arteries, show fibrin
deposits in the wall, fragmented elastic lamina,
attenuated media, and the formation of microan-
eurysm [16, 18].

6.3  Cytokines

As the hallmark of the vessel pathology is the
proliferation of smooth muscle cells in the intima
of the arteries, the involvement of growth factors
has been suspected. In addition, both the forma-
tion of basal collaterals during disease progres-
sion and the extensive neovascularization that is
seen after indirect bypass surgery, which involves
the mere relocation of a vascularized tissue on
the surface of the brain cortex, imply the poten-
tial role of an aberrant “abundance” of angio-
genic factors in MMD patients [19]. Hence, one
of the earliest studies to investigate the patho-
physiology of MMD examined the expression
levels of various cytokines that were quantified in
the CSF, serum, or tissue of MMD patients.

Increased levels of growth factors such as
basic fibroblast growth factor (bFGF), hepatocyte
growth factor (HGF), hypoxia-inducing factor-1a
(HIF-1a), granulocyte colony-stimulating factor
(GCSF), transforming growth factor-f (TGF-p),
and vascular endothelial growth factor (VEGF)
have been observed in the CSF and serum of
MMD patients [20-24].

The cytokines associated with angiogenesis
and vascular repair have also been evaluated.
Matrix metalloproteinases-9 (MMP-9) was
increased, and the tissue inhibitor of metallopro-
teinase (TIMP1) was decreased in the serum of
MMD patients, suggesting a disruption in the
balance between the two. The imbalance may
cause aberrant vascular smooth muscle cell
dynamics, which can lead to MMD [20, 21].

Increased levels of the cellular retinoic acid-
binding protein-1 (CRABP-1) were detected in
the CSF of MMD patients [23]. CRABP-1 is one
of the proteins that mediates the biological activ-
ity of retinoic acid (RA) and may provide a link
between RA signaling and MMD pathogenesis.
As retinoids are known to negatively regulate
growth factor-stimulated vascular smooth muscle
cell proliferation and differentiation, it can be
hypothesized that increases in CRABP-1 may
inhibit the RA signaling action, resulting in an
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increase in vascular smooth muscle cell prolifera-
tion [23].

It should be noted that although an abundant
amount of data implies an important role for the
various cytokines in MMD, there is possibility
that the differences in the expression levels of
cytokines may actually be a compensatory
response to the pathology rather than the cause.

6.4  Circulating Progenitor Cells
Investigating the vessel wall cells (endothelial-
lineage or smooth muscle type) of MMD patients
may be a direct approach to evaluate the patho-
genesis of the disease. However, it is nearly
impossible to obtain the cells directly from
patients. Fortunately, vascular progenitor cells
can be derived from the peripheral blood of
patients, thus providing an experimental cell
model (Fig. 6.1) [25].

Endothelial progenitor cells (EPCs) have been
evaluated extensively in many vascular diseases
before MMD because these cells are known to
originate from the bone marrow and help main-
tain the vasculature and blood flow in infarcted
areas [26-30]. EPCs are commonly characterized
by the expression of the surface proteins CD34,
CD133, and vascular endothelial growth factor
receptor-2 (VEGFR-2). Some studies also con-

sider CD45 and CD114 to be additional markers
for defining EPC [31, 32]. Two studies have
reported on the EPC count in the peripheral blood
of MMD patients. One study, which included
mainly adult patients, showed that MMD patients
had more EPCs than the normal controls did [29],
whereas another study with pediatric patients
demonstrated a decreased number of EPCs in
patients [33]. The contradictory results may be
due to differences in the patients’ age groups or
in the markers used to isolate EPCs [34].
Additionally, the number of colony-forming units
(CFU) of EPCs was shown to be decreased and
that of outgrowth cells was increased in MMD
patients; these changes were more profound in
those patients with advanced diseases. Further,
the tube formation ability was significantly
decreased in the late EPCs from MMD patients,
suggesting the dysfunction of the EPCs of MMD
patients [29, 33]. More direct evidence on the
contribution of EPCs in MMD was provided
when cells expressing CD34 and VEGFR2 were
found in the thickened intima of distal ICA sam-
ples collected from MMD patients [35].

The role of EPCs in MMD was further ana-
lyzed in a recent study that compared the gene
expression profiles of EPCs from MMD patients
and normal controls. A downregulation of reti-
naldehyde dehydrogenase 2 (Raldh2), which is
one of the enzymes in the physiological process

Fig. 6.1 Vascular progenitor cells. (a) Early endothelial
progenitor cells (EPCs), also called colony-forming units
or cell clusters (x200). This cell cluster is composed of a
central core of round cells that are surrounded by spindle-
shaped cells. (b) Late EPCs, also known as endothelial

outgrowth cells (x40). The cells are arranged in cobble-
stone-like formations. (¢) Smooth muscle progenitor cells
(SPCs) (x40). These cells appear elongated and have a
typical hill-and-valley appearance. Adapted from Journal
of Korean Neurosurgical Society [25]
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to convert RA from retinol, was noted. Based on
the previous link between RA signaling and
MMD, the effect of Raldh2 on the function of
EPCs was analyzed. It was shown that decreased
levels of Raldh2 in normal EPCs resulted in poor
tube formation, similar to EPCs from
MMD. Furthermore, the disrupted tube forma-
tion capacity was restored by supplementation
with exogenous RA in both MMD EPCs and the
normal EPCs with downregulated Raldh2 [36].
The possible role of smooth muscle progeni-
tor cells (SPCs) in MMD has recently been eval-
uated to determine the origin of smooth muscle
cell hyperplasia in the thickened intima. SPCs
differ from EPCs in the appearance of the out-
growth cells, namely, “hill-and-valley” for the
former and ““cobblestone” for the latter (Fig. 6.1)
[37]. Additionally, SPCs stain positive for smooth
muscle-specific markers, such as smooth muscle
actin-a, smooth muscle myosin heavy chain
(MHC), and calponin [38]. The SPCs from MMD
expressed lower levels of platelet-derived growth
factor receptor (PDGF)-a, MHC, and calponin
than did normal controls. Furthermore, in the tube
formation assay, MMD SPCs made more irregu-
lar and thick tubes, reminiscent of the pathologic
arteries in MMD patients (Fig. 6.2) [39]. These
findings suggest that SPCs of MMD patients may

have a defect in the cell maturation process that
results in dysfunctional vasculogenesis.

A recent study investigated the interaction
between the precursors of the two major cellular
components’ vessel walls. The results showed
that EPCs are mostly responsible for the dysfunc-
tion of both EPCs and SPCs in MMD and that the
enhanced migration of the SPCs to the EPCs is
mediated by the release of chemokine (C-C
motif) ligand 5 (CCL5) by the EPCs [40].

6.5 Immunologic Factors

The role of immune function in the pathogenesis
in MMD has been hypothesized based on its
association with immune diseases [41]. Many
studies have reported on cases of MMS associ-
ated with Graves’ disease, an autoimmune dis-
ease that causes hyperthyroidism [42]. A recent
meta-analysis on the literature has clearly dem-
onstrated a close relationship between thyroid
function and MMS [43]. Most of the cases were
females, and most of the patients were suffering
from active hyperthyroidism when they were
diagnosed with MMS. Moreover, recurrence or
aggravation of the MMS symptoms was more
common in patients with poorly controlled thy-

Fig. 6.2 The networks formed by smooth muscle pro-
genitor cells (SPCs). Photomicrographs showing immu-
nofluorescence staining and tubule formation of SPCs on
Matrigel. The cells are labeled with red fluorescent dye
(PKH26). Compared with the SPCs obtained from a

healthy volunteer (a), the SPCs obtained from a moyam-
oya disease patient (b) have rather irregularly arranged
tubules of varying sizes. In some areas, thickened tubules
are noted. Adapted from Journal of Korean Neurosurgical
Society [25]
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roid function [43]. The fact that abnormal cere-
brovascular autoregulation associated with
sympathetic nerve excitation has been known to
occur in patients with hyperthyroidism suggests a
potential mechanism underlying the role of auto-
immunity in MMD pathogenesis [44]. However,
the possibility that hemodynamic stress caused
by the thyrotoxicosis instead of autoimmune dys-
function still stands as the cause of vascular
changes in these patients.

Antiphospholipid syndrome (APS) consists of
various conditions that are caused by the pres-
ence of antiphospholipid (APL) autoantibodies,
and systemic lupus erythematosus (SLE) is a rep-
resentative disease in APS. MMS patients with
SLE or increased APL autoantibodies have been
reported [45]. Also some SLE patients with
“lupus headaches” have been investigated for the
possibility of underlying cerebral ischemia and
MMS-like changes [46].

Studies to search for more direct evidence of
the involvement of immunity in MMD have been
performed over the last several years. An increase
in the number of thyroid-related autoantibodies
(but with normal thyroid function) in MMD
patients has been demonstrated in both Asians
and Caucasians. The recent reports are different
from previous ones, in which the patients showed
both hyperthyroidism and increased autoantibod-
ies, thus providing supportive evidence that auto-
immunity, instead of thyroid dysfunction, may be
the main contributor in MMS [42].

6.6  Biomechanical Factors

The regional predilection of MMD to only
involve the distal portion of major intracranial
arteries (ICA and BA) is a distinguishing charac-
teristic of the disease [44]. However, most studies
on the pathophysiology of MMD have only been
able to investigate systemic factors, which does
not address the question of why certain arteries
are involved. Biomechanical factors, including
hemodynamic changes and the properties of the
intracranial vasculature, have been hypothesized
as one of the etiologies [4]. Many techniques,
such as perfusion MRI, SPECT, and transcranial

Doppler, have been used to predict the regional
blood perfusion and hemodynamic changes in
MMD, but the data were only useful for detecting
the “resulting” changes in regional cerebral per-
fusion [47-49].

Computerized mathematical models have
been used to analyze the hemodynamics of cere-
bral arteries [50]. Only one study is available in
the literature, and it utilized computational mod-
eling to elucidate the underlying mechanism of
the regional specificity of MMD [51]. Based on
data obtained for cardiovascular diseases, the
authors hypothesized that a chronic, constant
state of relatively low shear stress causing turbu-
lent flow to the vessel wall may result in the stim-
ulation and proliferation of smooth muscle cells
of the intima of the vessel. After establishing
models of ICA and BA with the respective distal
branches of ACA/MCA and PCA, the shear stress
at various points, including the predisposing
areas of stenosis at the bifurcation of distal
branches, was determined. The stimulation
results revealed that the predisposed areas
showed lower values of shear stress than do
regions of ICA or BA that are more distant from
the bifurcation. Although the computational
models have a critical limitation in recapitulating
the real in vivo phenomenon, this study is note-
worthy because it shows the potential biome-
chanics to explain the regional predilection of
MMD. A retrospective clinical investigation on
the delayed involvement of PCA suggested that a
smaller angle between PCA and BA is signifi-
cantly associated with the progressive stenosis of
PCA [52]. This is in line with the computational
modeling, as a smaller angle between the vessels
may result in less shear stress.

6.7  Genetics

A strong predisposition for ethnicity and the exis-
tence of familial cases (10-15%) suggest a
genetic susceptibility of the disease [34, 44].
Different modes of inheritance have been pro-
posed, including an autosomal dominant pattern
with incomplete penetrance in several parent-
child cases and an autosomal recessive pattern in
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sibling pedigrees [53]. Various technical methods
have been applied and have provided clues (can-
didate loci or gene) for the genetic etiology since
the late 1990s. The interpretation of the genetic
findings was difficult because the results were
infrequently replicated in following studies.
Additionally, genetic analysis on Caucasians has
yet to be successful in identifying associated
genes. Recent high-throughput genomic analysis
has yielded a gene (Ring finger 213 [RNF213])
with a strong robust association, but the mecha-
nism of the mutation in the pathogenesis of MMD
remains unknown.

Linkage studies using genome-wide markers
or previously reported loci have revealed several
candidate loci: 3p24-26, 6925, 8q21-22, 12p12-
13, and 1725 [54-57]. Only the 17925 locus
was replicated, and further genome-wide link-
age analysis narrowed the candidate locus to
17925.3. Many case-controlled association
studies were performed and screened genes
based on various hypotheses about the patho-
genesis of the disease. As the possible contribu-
tion of autoimmune dysfunction in MMD has
been suggested, the association of human leuko-
cyte antigen (HLA)-related genes was investi-
gated first. A significant association with HLA
B51 and HLA B51-DR4 was shown in Japanese
patients and HLA B35 in Korean patients [S8—
60]. In European patients, the HLA DRB1*03,
DRB1*#13, DRA*02, DRB*08, and DQB1*03
antigens were more frequent in patients than
they were in controls [61].

The next set of genes of interest was based on
the increase in the amount of growth factors and
cytokines in the blood, CSF, urine, or tissues of
patients. Some studies found associations with
single-nucleotide polymorphisms (SNPs) in
PDGFR-f promoter or TGF-f [62]. Additionally,
associations with SNPs in genes related to MMPs
and their tissue inhibitors have been demon-
strated (TIMP2, MMP2, MMP3 genes or their
promoters) [22, 63].

In 2011, two groups reported the RNF213
gene located in chromosome 17q25.3 as the
strongest susceptibility gene for MMD in East
Asian (Japanese and Korean) patients using two
different approaches (genome-wide association

study [GWAS] or whole-exome sequencing
[WES])) [64, 65]. A GWAS detected a variant of
the RNF213 (p.R4810K) in 95% of familial
MMD patients, with 80% in sporadic cases, and
demonstrated that the variant strongly increased
the risk to develop MMD, with an odds ratio
(OR) greater than 190 [65]. Another study utiliz-
ing genome-wide linkage analysis and WES in
eight multigenerational families revealed that all
of the probands had this variant. The variant was
also detected in 1.4-2.4% of normal Asian con-
trols, thus providing a possible explanation for
the extreme ethnic gradient in disease prevalence
[64]. The potentially strong contribution of the
variant was further supported by the fact that
patients with homozygous mutations of the p.
R4810K variant have an earlier age of onset and
more severe phenotypes than do those with het-
erozygous mutations [66]. Recent studies have
also revealed novel variants in RNF213 in a small
number of Caucasian and Chinese cases [67].
RNF213 encodes for a cytosolic protein with a
really interesting new gene (RING) finger domain
and a pair of two ATPase associated with a vari-
ety of cellular activities (AAA) positive ATPase
modules and is speculated to have ubiquitin
ligase activity [68]. The functional consequence
of the mutation in RNF213 is under intensive
evaluation. In an in vitro functional study, the
mutation had no effect on the transcription level
or ubiquitin ligase activity of the protein [64].
However, in a more recent study, the vascular
endothelial cells derived from induced pluripo-
tent stem cells were compared between normal
controls and both MMD patients and RNF213
mutant carriers [69]. The latter group showed
decreased angiogenic activity compared with the
former. Additional experiments have shown the
association of RNF213 with securin, the inter-
feron (IFN)-beta signaling pathway, and PI3
kinase-AKT pathway in endothelial cells [69]. A
series of in vivo experiments using genetically
engineered animals have been performed.
Knockdown of RNF213 in zebrafish resulted in
abnormal vascular development, showing irregu-
lar wall formation and abnormal sprouting ves-
sels [64]. However, RNF213-deficient mice did
not show any anatomical or histopathological
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evidence of MMD in the brain vasculature under
physiological conditions [70]. Another experi-
ment with mice harboring the p.R4810K muta-
tion was not successful in developing MMD
under normal conditions [71]. Recently, the envi-
ronmental setting was added as a crucial compo-
nent in the experiment by exposing the
RNF213-deficient mice to a chronic, ischemic
insult. Post-ischemic angiogenesis was found to
be enhanced in RNF213-deficient mice in
response to chronic hind limb ischemia [72].
Nevertheless, because the role of RNF213 as the
causative mutation has not been demonstrated,
despite its robustness, the possibility that another
causative gene is still to be found should be con-
sidered by evaluating the entire genome using
whole-genome sequencing.

Investigation of the genes known to be related
to other vascular diseases (e.g., coronary artery
disease, stroke) or associated diseases in MMS
(achalasia) has shown other potential genes.
Smooth muscle alpha-actin (ACTA2) is a major
component of the contractile apparatus of smooth
muscle cells, and mutations of the ACTA2 gene
have been known to cause familial thoracic aortic
aneurysm and dissections. It was also found to be
associated with pseudo-moyamoya angiopathy
[73]. Mutations of the guanylate cyclase soluble
subunit alpha-3 (GUCY1A3) gene have been
found in MMD patients with achalasia. Loss of
function mutations of this gene lead to alterations
of the nitric oxide pathway in smooth muscle
cells, thus supporting the possible pathogenetic
mechanism of MMD [74].

Conclusions

MMD is probably caused by a combination of
complex etiologies, genetics, and environ-
mental factors. Genetic susceptibility, includ-
ing RNF213 and many other factors such as
the RA pathway, autoimmune process, envi-
ronmental factors, and hemodynamic stress,
may be related to increased levels of growth
factors and cytokines. Through mechanisms
that are still to be elucidated, the systemic fac-
tors and conditions may lead to the prolifera-
tion and migration of SMC into the vessel
wall, thereby causing thickening of the intima.

The low shear stress in the bifurcation regions
may lead to the involvement of only the distal
ICA and BA in MMD. Establishing an animal
model will shed light on integration of the
various, independent factors.
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Overview of Hemorrhagic Stroke
Care in the Emergency Unit

Natalie Kreitzer and Daniel Woo

7.1 Introduction

Non-traumatic intracerebral hemorrhage (ICH)
is defined as bleeding into the parenchyma of
the brain that may extend into the ventricles
and, in rare cases, the subarachnoid space [1].
Historically, the morbidity and mortality rate of
ICH has been notoriously high; however, recent
advances regarding the treatment of blood pres-
sure as well as anticoagulation reversal have led
to improved patient outcomes. ICH is the sec-
ond most common subtype of stroke, following
ischemic stroke [2]. Emergency physicians are
typically the first physician contact with
patients who have an ICH and, as such, can
make an impactful difference in the care of
these patients. Ongoing and future research is
targeted both at preventing hematoma expan-
sion and developing tools for endoscopic hema-
toma evacuation.
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7.2 Identification and Triage
of Stroke-Like Symptoms
in the Emergency
Department

7.2.1 Differential Diagnosis

A schematic diagram showing evaluation and
management for patients with ICH is described
in Fig. 7.1. The classical presenting signs and
symptoms of ICH may include headache, vomit-
ing, syncope, altered mental status, or abrupt
onset of focal neurologic deficits which might
include speech disturbances or weakness on half
of the body. Patients with symptoms concerning
for ICH have a wide differential diagnosis.
Hypoglycemia should be considered in any
patient with altered mental status presenting to
the ED and finger-stick blood glucose performed
immediately. Otherwise, the differential diagno-
sis should include ischemic stroke, seizure, com-
plicated  migraine,  intracranial  tumors,
intracranial infections or encephalitis, and Todd’s
paralysis. Depending on the location of hemor-
rhage, size of hemorrhage, intraventricular exten-
sion, comorbidities, and time since onset, the
presentation may differ from patient to patient in
the setting of ICH.
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Stroke-like symptoms

Differential diagnosis
* Seizure
Complicated migraine

.
»

Intracranial tumors
Intracranial infections or encephalitis
Todd's paralysis

.

« History taking Evaluation in
* Physical exam emergency
* Labwork department
* blood glucose, CBC
* Coagulation
CT or MRI Treatment of
hemorrhage? ischemic stroke
YES Consider neurosurgical
consultation
NO <t
Airway Blood Pressure || ICP Surgical management
Endotracheal intubation when < 180 mmHg Head elevation 30° If indicated
- decreased mental status Mannitol (3%) or hyp-
- inability to manage secretions ertonic saline (23.4%)
Platelet Reversal of anticoagulation Seizure management
Consider transfusion if < 100K WFR: Vitamin K, FFP, PCC No benefits for prophylaxis
Dabigatran: idarucizumab
Factor Xa inhibitors: Adnexanet alfa

Fig. 7.1 A schematic diagram showing evaluation and
management for patients with ICH. CBC complete blood
count, /VH intraventricular hemorrhage, /CP intracranial

7.2.2 Emergency Department
Evaluation and Workup

The vast majority of patients presenting to the
ED with ICH will be undifferentiated, and it will
be unknown whether their symptoms are second-
ary to ischemic or hemorrhagic stroke. As more
and more hospital systems are moving toward
protocoled rapid triage and imaging of patients
with stroke-like symptoms, patients with ICH

pressure, WFR warfarin, FFP fresh frozen plasma, PCC
prothrombin complex concentrate

symptoms may ultimately go directly to the CT
scanner for immediate diagnosis of ICH. Given
the time-sensitive nature of both ischemic stroke
and ICH, with the need for simultaneous blood
pressure control and reversal of potential antico-
agulation, history and physical should be per-
formed in concert with preparation for imaging
and both diagnosis and treatment modalities pur-
sued at the same times as the initial history and
physical are performed.
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7.2.3 History and Physical Exam

Depending on the patient’s neurologic deficits, he
or she may not be able to provide much, if any, of
his or her medical history. In these instances, it is
important to find family members or friends to
determine history. The pertinent portions of history
should include the last time the patient was without
neurologic deficits and medications—especially
anticoagulants and antiplatelets. If the patient uses
antiplatelets or anticoagulants, it is important to
determine the last time these medications were
taken. The 2015 American Heart Association
(AHA) guidelines also recommend that ED provid-
ers determine any vascular risk factors, recent
trauma or surgery, alcohol or illicit drug use, past or
current seizures, liver disease, cancer, or other
hematologic disorders [3]. Additionally, it is bene-
ficial to know if the patient has a known intracranial
mass, arteriovenous malformation (AVM), recent
ischemic stroke, or other intracranial pathology, as
this will help in determining the cause of ICH.
The physical exam should ideally be com-
pleted at the same time the history is taken to
expedite care. After assessing the patient’s respi-
ratory status, mental status, and potential need for
intubation prior to imaging, the exam should be
focused on the neurologic symptoms. Although
an entire neurologic exam consists of level of con-
sciousness, cranial nerve exam, vision, motor,
sensory, cerebellar findings, and language, the ini-
tial physical exam may be briefer such that a
timely diagnosis is made. There is no neurologic
exam specific to ICH. Even though the Glasgow
Coma Scale was developed for the trauma setting,
it is often utilized in the emergency department
for ICH, given that it is so widely recognized
among healthcare providers. Although the
National Institutes of Health Stroke Scale
(NIHSS) was originally developed for use in isch-
emic stroke, it provides an additional mechanism
for reporting physical exam findings in ICH [4].

7.2.4 Imaging

Until imaging has been obtained, it is unknown
whether a patient has had an ischemic or hemor-
rhagic stroke. Thus, imaging should be performed

quickly. The most efficient imaging method to
diagnose ICH is with a non-contrast head CT
(NCHCT). Non-contrast head CT should be per-
formed as soon as safely possible in the ED [5].
On NCHCT, the hemorrhage has increased atten-
uation compared to brain parenchyma in the set-
ting of the acute hemorrhage (Fig. 7.2a). When
reviewing the NCHCT, it is important for emer-
gency clinicians to evaluate for perihematomal
edema, herniation, intraventricular hemorrhage,
and midline shift, all of which can be visualized
on initial head CT. Hematoma volume can easily
be calculated as well on initial head CT. Since a
higher hematoma volume is significantly associ-
ated with higher mortality, this information is
important to evaluate. The ICH volume can be
estimated using the ABC/2 formula, “where A is
the greatest hemorrhage diameter by CT, B is the
diameter 90° to A, and C is the approximate num-
ber of CT slices with hemorrhage multiplied by
the slice thickness.” [6].

ICH is frequently complicated by intraven-
tricular hemorrhage (IVH), which occurs when
blood leaks into the ventricles (Fig. 7.2b). When
this happens, hydrocephalus may worsen rapidly,
leading to brain herniation. One of the indica-
tions for acute neurosurgical intervention in the
setting of ICH is the occurrence of IVH. An
external ventricular drain (EVD) may need to be
placed; thus neurosurgical consultation should be
obtained immediately when IVH is recognized.

An important feature to note if vascular imag-
ing is obtained in the ED is the significance of the
“spot sign.” The spot sign, which is one or more
areas of enhancement noted on contrasted images
within the ICH, has been recognized as a marker
of hemorrhagic expansion (Fig. 7.2¢). It is
demonstrative of active contrast extravasation
occurring during the study, meaning that the
hemorrhage is increasing in real time. The spot
sign has been described in several prospective
studies, including in a multicenter prospective
observational cohort study of 268 patients with
ICH. In this study, patients who were spot sign
positive had a significantly higher amount of ICH
expansion, defined as growth >6 mL or 33% at
follow-up CT, as well as higher mortality at
3 months, and decreased functional status at
3 months [7].
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Fig. 7.2 (a) Demonstrates a right frontal intracerebral
hemorrhage (ICH). Note the increased attenuation of hem-

orrhage in comparison to brain parenchyma. (b)
Demonstrates an ICH with significant intraventricular
hemorrhage (IVH). This IVH has required the placement

Additionally, magnetic resonance imaging
(MRI) may be necessary in certain patients
with ICH. Typically, an MRI can be delayed
until a patient is admitted or transferred and is
generally not necessary in the ED in the setting
of ICH. MRIs are time-consuming and are not
safe for unstable patients or patients at risk of
becoming unstable. The timing of subacute
hemorrhages can be determined by MRI, as the
appearance of hemorrhage changes in a pre-
dictable fashion. Gradient recalled echo (GRE)
sequences may demonstrate microbleeds,
assisting in the diagnosis of amyloid angiopa-
thy, if multilobar. If microbleeds appear con-
centrated in deeper structures, this may be
more suggestive of chronic hypertensive
arteriopathy.

It is worthwhile to note that the ICH score
developed in 2001, which has been derived and
externally validated to predict 30-day mortality
following ICH, hinges on key imaging findings
from the NCHCT. Patients with higher scores on
ICH score have a predicted worse outcome, and
points are given for lower GCS, higher age,
infratentorial location, higher ICH volume, and
presence of IVH [8].

of two external ventricular drains (EVDs). (¢) Demonstrates
a spot sign in a left parietal occipital ICH. The spot sign is
noted by an arrow and demonstrates active contrast extrav-
asation into the hemorrhage

7.2.5 Lab Work

Patients with ICH should undergo a comprehen-
sive lab workup in the ED. Any patient with a
presentation of altered mental status should have
an immediate finger-stick blood glucose obtained.
Hypoglycemia is a rapidly treatable and correct-
able condition and should be diagnosed, ideally,
in the prehospital setting. A complete blood count
(CBC) should be performed, with particular
attention to platelet count. Platelets should be
transfused if under 100 K in the acute setting.
Platelets should not be if patients are taking an
antiplatelet drug and platelet count is normal.
The recently published platelet transfusion in
cerebral hemorrhage (PATCH) trial, a random-
ized controlled trial in which patients on anti-
platelet medications were randomized to receive
either standard care or standard care plus platelet
transfusion, did not find a difference in patients
who received platelet transfusions [9].
Coagulation status, measured by protime (PT)
and activated prothrombin time (aPTT), should
be obtained as well. Although the PT with con-
version to the INR is an excellent measurement
of the effects of warfarin, there is more ambiguity
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in the setting of novel oral anticoagulants [10]. A
serum chemistry panel should be performed, in
addition to a toxicology screen if concern for
illicit drugs as an etiology for the hemorrhage.
Women of childbearing age should also have a
pregnancy test obtained. American Heart
Association (AHA) guidelines also recommend a
chest x-ray (CXR) and electrocardiogram (EKG)
initially [3]. If possible, lab work should be com-
pleted point of care (POC), such that the results
of coagulation status are available so that coagu-
lopathy can be rapidly managed.

7.3  Organization of Care
of Hemorrhagic Stroke
7.3.1 Emergency Department

Management

Unlike the treatment of ischemic stroke, which
may be treated with IV tPA and endovascular
reperfusion in certain patients [11-16], there are
no well-defined, targeted treatment modalities
for ICH. Priorities for ED management are air-
way and hemodynamic stabilization, diagnosis,
blood pressure treatment, anticoagulation rever-
sal, and timely disposition.

7.3.2 Airway

Depending on the size and location of the hemor-
rhage, patients with ICH may require endotra-
cheal intubation upon arrival to the ED secondary
to decreased mental status and inability to manage
secretions safely. In a prospective cohort study of
574 patients, 33% of patients with ICH required
intubation either prior to arrival, during their ED
stay, or within the first 24 h of admission [17]. In
patients who do require intubation, both etomi-
date and ketamine are safe drug choices for induc-
tion during rapid sequence intubation (RSI). A
2009 randomized controlled trial demonstrated no
difference between the two in critically ill ED
patients requiring intubation [18]. Ideally, if neu-
romuscular blockade is performed, a short-acting
paralytic agent, such as succinylcholine, should

be used, so that the neurologic exam is not
obscured for a lengthy period of time. Adequate
analgesia and sedation should be given to intu-
bated patients to prevent ICP elevation. In patients
who do not require intubation initially, it is critical
to monitor the patient’s airway status with serial
exams, as the neurologic exam may deteriorate
while the patient is in the ED, as 9.8% of patients
in the previously described prospective cohort
required intubation while in the ED [17].
Following intubation, providers should maintain
eucapnia. Patients should not be artificially hyper-
ventilated, as hyperventilation is a temporizing
measure, meant only for patients who are about to
receive definitive operative therapy. Although
hyperventilation does decrease intracranial pres-
sure for a short period of time, patients who are
artificially hyperventilated for a longer time
course have worse outcomes compared to patients
maintained with eucapnia. This association has
been well-demonstrated previously in the TBI lit-
erature and has even led to long-term poor out-
comes in this patient population [19]. Patients
with ICH who are not intubated should not eat or
drink initially until further formal evaluation, as
they are at risk of aspiration. Of patients who ini-
tially survive an ICH, approximately 9% will
ultimately require percutaneous endoscopic gas-
trostomy (PEG) placement [20].

7.3.3 Blood Pressure

Once the patient’s airway has been assessed and
managed and the diagnosis of ICH has been
made, it is important for the emergency medicine
physician to direct his or her attention to blood
pressure management. If hypotension is noted or
intravenous fluids are required, it is imperative to
avoid hypotonic or dextrose containing fluids, as
these may worsen cerebral edema. However,
hypertension is significantly more common in
patients with acute ICH.

Acute hypertension management in the setting
of ICH has been the subject of several large
recently published and ongoing studies. Elevated
blood pressure in the setting of acute ICH is an
independently associated measure of neurologic
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deterioration, hematoma expansion, and unfavor-
able long-term outcome in the setting of acute
ICH; thus, controlling hypertension in acute ICH
is important [21]. Unlike in ischemic stroke,
where rapid substantial blood pressure reduction
is unsafe and leads to decreased penumbra perfu-
sion, it is generally well tolerated in patients with
ICH, and aggressive blood pressure management
does not lead to additional brain ischemia [22,
23]. Both the acute cerebral hemorrhage study
(ATACH 1) and the intensive blood pressure
reduction in acute cerebral hemorrhage trial
(INTERACT-1) did not note a difference in the
safety when lowering systolic blood pressure
(SBP) to <140 mmHg [21, 22]. Current American
Heart Association (AHA) guidelines have given
a Class 1; level of evidence A for acutely lower-
ing blood pressure to 140 mmHg if SBP on
arrival is between 150 and 220 mg as being safe
[3]. INTERACT-2 randomized 2839 patients to
either intensive blood pressure management,
defined as SBP < 140 mmHg within 1 h, or stan-
dard blood pressure management, defined as a
SBP < 180 mmHg. The endpoints of
INTERACT-2 were 90-day death or disability.
Fifty-two percent of patients in the treatment
arm compared to 56% in the standard arm expe-
rienced the primary outcome (odds ratio 0.87;
95% CI 0.75-1.01, P = 0.06). INTERACT-2
demonstrated that the intensive blood pressure
management was safe but did not overall reduce
likelihood of death, improve functional outcome,
or significantly reduce hematoma expansion
[24]. ATACH I, currently ongoing, is comparing
blood pressure management in ICH patients to a
goal of <140 mmHg SBP versus <180 mmHg
SBP [25]. With the results of INTERACT-2, the
AHA has given a Class Ila, level of evidence B
guideline that lowering SBP to 140 mmHg in the
setting of acute ICH is effective for improving
functional outcomes [3].

7.3.4 Anticoagulation/Antiplatelet
Considerations/Reversal

Patients who are anticoagulated for any reason
and found to have an ICH in the ED should have

the anticoagulation reversed promptly. Indeed,
emergency physicians need to be well-prepared
for anticoagulation reversal. Anticoagulation is
common in this patient population, with approxi-
mately one in five cases of ICH associated with
anticoagulation use [26]. This particular knowl-
edge basis has become much more complicated
since the addition of novel oral anticoagulants
(NOACS). Anticoagulant reversal and blood
pressure management are the two most critical
actions that must be taken in treating patients
with ICH. For instance, when FFP is utilized to
reverse warfarin, each 30-min delay in the start of
FFP is associated with a 20% reduction in INR
correction within the first 24 h [27]. Indeed, a
2015 retrospective study of 1176 anticoagulated
patients with ICH demonstrated a substantial
mortality reduction to patients who had both INR
reversal to <1.3 and SBP controlled to
<160 mmHg within 4 h of ED presentation [28].

Warfarin, a vitamin K antagonist (VKA), is
the most commonly used anticoagulant, has been
on the market for decades, and, thus, has the most
data regarding its reversal in the setting of
ICH. All patients on warfarin must receive vita-
min K. It should be given intravenously in the ED
for the most rapid absorption [29]. Vitamin K
allows the patient to generate new clotting fac-
tors, but this may take hours to days. For immedi-
ate reversal, fresh frozen plasma (FFP) to replace
all factors, or prothrombin complex concentrates
(PCCs) which contain either three or four factors
only, must be given as well to patients. PCCs may
be preferable, given that there is less volume to
infuse, are able to be stored at room temperature,
and result in faster INR correction compared to
FFP for the reversal of warfarin-associated ICH
[30]. However, they are more expensive in many
institutions and, as such, more restricted. PCCs
have been in use in Europe for over 20 years but
were only recently FDA approved in the United
States. PCCs generally contain factors II, VII, IX,
X, C, S, Z, and antithrombin 3, whereas FFP con-
tains all plasma factors [31, 32]. When compared
to one another, 62% of patients given PCCs
achieve INR correction by 0.5 h after the end of
the infusion, compared to 9.6% of patients who
are given FFP, with similar safety events [30].
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Frontera et al. conducted a prospective observa-
tional study of PCC vs. FFP vs. PCC + FFP in the
setting of VKA-associated ICH. Patients who
received PCCs had a significantly lower risk of
death and severe disability at 3 months compared
to FFP alone, without an increase of adverse
events [33]. The fresh frozen plasma versus pro-
thrombin complex concentrate in patients with
intracranial hemorrhage related to vitamin K
antagonists trial (INCH trial) enrolled 54 patients
but was terminated early due to safety concerns.
Prior to termination, they found that PCCs were
superior in normalizing INR and stated that the
faster INR normalization was associated with
smaller hematoma expansion [34]. Ultimately,
current CHEST and AHA guidelines recommend
that patients with VKA-associated major hemor-
rhage or ICH receive 4-factor PCC instead of
FFP (Grade 2C—CHEST; Class IIb, level of evi-
dence B—AHA) [3, 5, 10].

Newer anticoagulant classes have been
approved for the management of non-valvular
atrial fibrillation and thromboembolic disease.
These classes of medications include direct
thrombin inhibitors and factor Xa inhibitors and,
as such, utilize different mechanisms within the
clotting cascade to provide anticoagulant benefit.
In patients who are taking direct thrombin inhibi-
tors, first-line therapy for reversal should be idaru-
cizumab, which is able to completely reverse the
drug within minutes [35]. Direct thrombin inhibi-
tors are cleared by the kidneys and, as such, can
also be removed by hemodialysis [36]. However,
starting hemodialysis in the ED poses many chal-
lenges, including the need for dialysis access,
equipment, and hemodialysis monitoring capa-
bilities. Factor eight inhibitor bypassing activity
(FEIBA), also known as activated 4-factor PCC,
may be another option for dabigatran reversal
based on in vitro testing [37]. Factor Xa inhibitors
may be best reversed with andexanet alfa.
Andexanet alfa is a modified recombinant form of
factor Xa, and thus it binds to factor Xa inhibitors
[38]. It currently is in phase III trials for the rever-
sal of factor Xa inhibitors but showed promise in
a single-arm study of patients with acute bleeding
[39]. In vitro testing has shown that 4-factor PCCs
are appropriate for the reversal of factor Xa inhib-

itors, given that these drugs are protein bound and
cannot be removed with hemodialysis [40, 41].
Recombinant factor VIla may also be an option
for reversal of NOAC:sS, also based on in vitro ani-
mal testing [42—44].

Patients receiving antiplatelet therapy may
also develop ICH, and the optimal treatment and
reversal mechanisms for this class of patients are
still under study. The recently published platelet
transfusion in cerebral hemorrhage (PATCH)
trial, a randomized controlled trial in which
patients on antiplatelet medications were ran-
domized to receive standard care or standard care
plus platelet transfusion, failed to find a differ-
ence in patients who received platelet transfu-
sions and even trended toward harm with platelet
transfusion [9]. Desmopressin, or DDAVP, may
be an option for reversal of antiplatelets. A small
study of 14 patients who were on antiplatelets
and had sustained an ICH showed that the drug
was well tolerated and improved platelet function
[45]. However, larger studies are necessary to
determine if this will provide more clinically
meaningful endpoints in ICH patients. More
details about antithrombotic-induced bleeding
will be discussed as a main topic in Chap. 14.

7.3.5 Hemostatic Agents

Hemostatic agents, such as recombinant factor
VlIa, have been explored as a treatment for [CH
both in anticoagulated patients and non-anticoag-
ulated patients. The efficacy and safety of recom-
binant-activated factor VIla for acute intracerebral
hemorrhage (FAST) study was a randomized
controlled trial of 841 patients with ICH. Although
there was a significant difference in the size of
hematoma growth, with the treatment group
demonstrating less hematoma group, there was
no difference in clinical outcomes [46]. Further
data suggested that rFVIIa may be most benefi-
cial in patients with spot sign noted on CT angio-
gram. There are two ongoing randomized
placebo-controlled trials to test tFVIIa—the Spot
Sign for Predicting and Treating ICH (STOP-IT)
trial and the Spot Sign Selection of Intracerebral
Hemorrhage to Guide Hemostatic Therapy
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(SPOTLIGHT) trial. Tranexamic acid (TXA) is
another promising hemostatic agent. This drug
has not yet been tested in ICH, but two random-
ized controlled trials in the TBI literature demon-
strated statistically significant reduction of
hemorrhage progression without clinically mean-
ingful differences [47].

7.3.6 Seizure Management
and Prophylaxis

Patients with clinical seizure-like activity after
ICH should be treated with anti-seizure medica-
tions while in the ED and should be managed
similar to any other patient with seizures [3]. The
incidence of seizures following ICH in the imme-
diate period is unknown; is likely dependent on
ICH location, comorbidities, and size of hemor-
rhage; but may be as low as 1.7% in one series
and as high as 17% in patients with supratentorial
ICH [48, 49]. Seizure prophylaxis is not recom-
mended and has been associated with poor out-
comes when adjusted for age, initial hematoma
volume, presence of intraventricular blood, initial
GCS, and previous warfarin use [49]. However
these studies demonstrating harm predominately
utilized phenytoin for seizure prophylaxis. Newer
data report that levetiracetam may be a safer
option for seizure prophylaxis [50].

7.3.7 Management of Increased
Intracranial Pressure

After ICH, patients may experience increased
intracranial pressure. Much of the literature from
traumatic brain injury has been extrapolated into
the realm of ICH, especially for the role of ICP
management. There is an association between
elevated ICP and outcome in ICH however. In a
study of 121 patients with ICH and ICP monitor-
ing in place, there was a significant association
with both poor functional outcome and mortality
with ICP greater than 20 [51]. Simple maneuvers,
such as raising the head of the bed to 30°, have
previously demonstrated a decrease in intracra-
nial pressure and improved cerebral perfusion

pressure, without compromising cardiac output
in other types of intracranial hemorrhages,
although less specifically in ICH [52]. As long as
there is no concern for concomitant spinal cord
injury, the head of the bed should be raised to
30-45° as a basic maneuver to prevent elevated
intracranial pressure. Both mannitol and hyper-
tonic saline (3% or 23.4%) are used to manage
increased intracranial pressure [53]. It is impor-
tant to note that mannitol’s mechanism of action
is via osmotic diuresis, so clinicians must be
careful to monitor urine output and guard against
hypotension. Hypertonic saline can be used as
3% or 23.4%; however, 23.4% cannot be used
with a peripheral IV, and patients must have cen-
tral venous access. 23.4% hypertonic saline pro-
vides an osmolar load in the serum with lower
volume and shorter infusion time.

7.3.8 Role of Surgical Management

Two multicenter randomized controlled trials
have been conducted to determine if there is a
potential benefit of surgical intervention in supra-
tentorial [ICH—the STICH I and STICH II trials.
Neither the STICH I nor STICH II trial demon-
strated benefit in surgical management of ICH
[54, 55]. However, these trials had high numbers
of crossover from medical management into sur-
gical management groups, so neurosurgeons may
decompress some ICHs, depending on the indica-
tions. On the other hand, posterior fossa ICHs
require surgical intervention much more fre-
quently. Although there is no randomized con-
trolled trial data, case series describe the benefit
of posterior fossa decompression [56]. Due to the
proximity of the fourth ventricle and brainstem,
patients with posterior fossa ICH should have
surgical decompression if they have any signs of
deterioration, brainstem compression, or hydro-
cephalus. Since there is no equipoise regarding
this topic, there is unlikely to be a trial conducted
evaluating the utility of posterior fossa decom-
pression [3]. Emergency medicine physicians
should recognize this surgical indication and be
able to communicate the findings of posterior
fossa ICH to neurosurgical colleagues, as well as
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any signs of early deterioration that might man-
date surgical intervention.

7.3.9 Prognostic Factors Associated
with ICH

Prognosis following ICH is dependent on many
factors. The ICH score, derived and externally
validated, is the most common tool to determine
prognosis [8]. However, the ICH score should not
be the only factor used in determining prognosis.
Recently, Morgenstern et al. described that a
cohort of patients who were predetermined to
have poor prognosis based on ICH score had a
much lower mortality than expected (20% com-
pared to 50% expected prognosis) simply by the
avoidance of early DNR orders [57]. The ICH
score ranges from 0O to 6, with higher score indi-
cating worse prognosis. A score of 5 or 6 indicates
100% mortality, for instance. The ICH score fac-
tors in GCS, ICH volume, IVH, location of hem-
orrhage, and age [8]. Overall, the volume of ICH
on head CT is the most important of these factors
and weighs the heaviest in determining mortality
[58]. Patients with brainstem hemorrhages and
those with hematoma expansion also tend to have
poorer prognosis [59, 60]. More details will be
discussed as a main topic in Chap. 15.

7.3.10 Disposition

All patients with spontaneous ICH require admis-
sion to the hospital and in nearly all cases require
admission to the intensive care unit (ICU). The
ICU disposition is usually institution specific and
may be managed by an internist, intensivist,
neuro-intensivist, neurologist, or neurosurgeon.
Interestingly, in a study of 13 ICUs, it was noted
that after controlling for demographics, ICH
severity, and institutional and ICU characteris-
tics, patients admitted to a neuro ICU demon-
strated an improvement in mortality rate when
compared to general ICUs (odds ratio 3.4; 95%
CI 1.65-7.6). A dedicated full-time neuro-inten-
sivist also was associated with lower mortality
rate (OR 0.388; 95% CI 0.22-0.67) [61].

7.3.11 DNR Status/Physician
Pessimism

Early withdrawal of care is independently associ-
ated with mortality in ICH [62]. An early DNR,
defined as <24 h after arrival, was associated with
doubling in hazard ratio of death at 30 days (haz-
ard ratio [HR] 2.17, 95% CI 1.38, 3.41) with
adjustment made for age, gender, ethnicity, pre-
senting Glasgow Coma Scale, ICH volume, intra-
ventricular hemorrhage, and infratentorial
hemorrhage [62]. Factors that have been notable
for an association with DNR orders signed in the
ED include increased age, ambulatory status
before the event, CT findings with midline shift,
intraventricular extension, larger hematoma size,
and arrival to the ED with GCS <8 [63]. This has
been described in the literature as the “self-ful-
filling prophecy,” such that patients have care
withdrawn when they may have otherwise had a
potentially good outcome if exposed to aggres-
sive care early in their course. Recent data also
suggests that patients with ICH continue to have
neurologic improvements beyond 6 months [64].
These studies have led to changes in the AHA
guidelines, now giving a Class Ila recommenda-
tion to avoid signing a DNR order until the sec-
ond full day of hospitalization. Thus, emergency
physicians should provide maximal care to
patients with ICH in the immediate period.
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Symptoms and Signs
of Hemorrhagic Stroke

Seung-Hoon Lee

A patient with acute hemorrhagic stroke (HS)
may present with a sudden onset of focal neuro-
logic deficits and other symptoms due to
increased intracranial pressure. Most HS patients
visit an emergency center through a prehospital
delivery system instead of an outpatient clinic.
Because HS is very likely to worsen during the
first 24 h, the physician in the emergency center
who is in charge of such a patient should promptly
suspect the possibility of HS on the basis of the
patient’s medical history and symptoms and
immediately perform a brain computed tomogra-
phy (CT). HS, which mainly presents as intrace-
rebral hemorrhage (ICH) or subarachnoid
hemorrhage (SAH), is caused by a rupture of
cerebral arteries. Because the brain has the low-
est tissue pressure in the human body, bleeding
into the brain is likely to persist for more than
several hours, which increases the risk of a poorer
outcome. Therefore, the process of diagnosis and
treatment for HS should begin as early as possi-
ble. The first step to a quicker HS diagnosis is an
understanding of its symptoms and signs.

In fact, within emergency centers, the symp-
toms of HS that duty doctors should pay attention
to are easily identifiable. In any case, the possi-
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bility of a stroke should be promptly taken into
consideration, if a focal neurologic deficit devel-
ops suddenly, and brain CT should be performed
immediately. If a headache is accompanied by
other neurologic symptoms, the probability of
HS is greatly increased. This chapter lists various
symptoms and signs of HS and categorizes them
for better understanding. It is true that, compared
to the past, the necessity for understanding symp-
toms and signs of stroke is reduced, because of
the remarkable developments in brain imaging.
However, we should keep in mind that the more
we know, the more likely it is that the patient will
get faster and more appropriate care.

8.1 Symptoms and Signs

of Intracerebral Hemorrhage

ICH is caused by a rupture of small penetrating
or leptomeningeal arteries branching from the
large intracranial arteries that run through the
subarachnoid space. This rupture results in
extravasation of blood, leading to brain tissue
damage.

Two important facts help in understanding the
symptoms of ICH. Firstly, the mass effect of the
hematoma itself causes symptoms. Extravasated
blood creates a space-occupying lesion in the
limited space within the cranial cavity and subse-
quently increases intracranial pressure (ICP).
This increased ICP typically causes headache,
nausea, and vomiting. Secondly, most ICHs
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develop from “cerebral arteriolosclerosis,” which
is caused by vascular risk factors such as long-
standing hypertension. Lacunar infarction, a sub-
type of ischemic stroke, is caused by small vessel
occlusions, whose underlying pathological find-
ings are almost identical to those of ICH. Simply
stated, if cerebral arteriolosclerotic lesions sud-
denly block blood vessels, lacunar infarction will
occur, and if they rupture, ICH will develop. In
patients with small-sized ICHs, symptoms may
not be indistinguishable from those of lacunar
infarctions. Since ICH generally has a progres-
sive nature, most ICH cases are more severe than
lacunar infarctions. Cerebral amyloid angiopathy
(one of the main causes of ICH, especially lobar
hemorrhage) is pathophysiologically unlikely to
cause lacunar infarctions. In lobar hemorrhages,
symptoms may appear to be similar to those in
territorial rather than in lacunar infarctions.

In summary, ICH can present with i) general
symptoms such as decreased level of conscious-
ness, nausea, vomiting, and headache, and ii)
focal neurologic impairments according to the
ICH location (Fig. 8.1). If the size of the hema-
toma is larger, symptoms such as loss of con-
sciousness or seizures appear more frequently,
neurological damage becomes more aggravated,
and consequently, the prognosis of the patient
may be worse.

8.1.1 Lobar Hemorrhage

Headache is the most common symptom in
patients with lobar hemorrhage and is found in
about 60-70% of the patients [1]. Nausea and/or
vomiting is the second most common with about
30%, followed by seizures with about 20% [1].
Seizures occur more frequently in lobar hemor-
rhage than in other types of hemorrhage, which is
directly related to the involvement of the cerebral
cortex. At the initial stage, a serious depression in
mental functions such as semicoma or coma is
not common, but 10% of the patients show a
decreased level of consciousness [1]. Lobar hem-
orrhages occur most frequently in the parieto-
occipital area, and accordingly, hemisensory
dysfunction, hemibody neglect, and visual field
defects are frequently observed in these cases.

Temporal lobar hemorrhage in the left side may
cause sensory-dominant aphasia (Wernicke type)
whereas that in the right side may arouse acute
confusional states or agitated confusion. Frontal
hemorrhage may cause hemibody weakness on
the opposite side and may rarely induce mental
status dysfunction such as abulia or apathy.

8.1.2 Basal Ganglia Hemorrhage

Basal ganglia hemorrhage, which occurs mainly
in the putamen or the internal capsule, is the most
common type of ICH. This is because of the anat-
omy of the lenticulostriate arteries, which supply
the basal ganglia. As penetrating arteries, which
directly branch from the internal carotid artery,
they are vulnerable to high blood pressure. Basal
ganglia hemorrhage can be asymptomatic if the
hemorrhage is small in size and remains within
the putamen. A hemorrhage, which expands into
the surrounding area, especially the posterior
limb of the internal capsule, causes in most cases
hemibody weakness in the contralateral side.
Hemisensory loss in the contralateral side may be
seen in case of an expansion into the thalamus.
Depending on the degree of involvement of the
thalamus, eyeball gaze abnormalities, altered
consciousness, and visual field defects may be
present. When an intraventricular hemorrhage
(IVH) or midline shift due to mass effect occurs,
the patient’s consciousness level may deteriorate,
and the patient may even become comatose.
Involvement of a lobar area can be accompanied
by various forms of aphasia and mental state dys-
function. Taken together, the most common
symptoms of basal ganglia hemorrhage are head-
ache and contralateral weakness, but patients
may present various neurological symptoms
depending on the extent of expansion into the
surrounding tissue.

Caudate hemorrhage usually shows very mild
or even no distinct symptoms. Mild cognitive or
behavioral abnormalities have been reported, but
they are not common. Thus, caudate hemorrhages
are usually identified as previous bleeding lesions
such as slit-like lesions in magnetic resonance
imaging. Because the caudate nucleus is directly
in contact with the lateral ventricle, a sizable
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hemorrhage in this area is likely to cause bleed-
ing into the lateral ventricle. The possibility of a
caudate hemorrhage should be considered when
primary IVH is detected without lesions of the
brain parenchyma.

8.1.3 Thalamic Hemorrhage

Thalamic hemorrhages show symptoms similar
to thalamic infarctions when their diameter is less
than 2 cm [2]. Hemorrhages in the posterolateral
portion of the thalamus are characterized mainly
by hemisensory loss due to an involvement of
ventral posterolateral, ventral posteromedial,
and/or ventral lateral nuclei. These hemorrhages
may be accompanied by vertical gaze abnormal-
ity and small, fixed pupils. The posterolateral
portion is the most common site of thalamic hem-
orrhage. Hemorrhages in the anterior portion
may result in decreased mental status and/or neu-
ropsychiatric disturbances, and hemorrhages in
the medial portion may cause vertical gaze abnor-
mality, amnesia, and/or abulia. The vertical gaze
limitation is known to occur in cases with
involvement of the medial longitudinal fasciculus
of the rostral interstitial nucleus, the vertical gaze
center in the midbrain tegmentum. Involvement
of the posterior part of the thalamus may be asso-
ciated with visual field defects due to the destruc-
tion of the lateral geniculate body.

A relatively large thalamic hemorrhage
(>2 cm) has four major symptoms: severe hemi-
paresis, hemisensory loss, vertical gaze abnor-
mality, and constricted, fixed pupils [3]. These
symptoms are not always present, but the symp-
toms and the prognosis worsen with an increase
in the size of the bleed. Oculomotor dysfunction
may present as skew deviation and conjugate
eyeball deviation on the lesion side or opposite
side to the lesion. Speech disturbances and neu-
ropsychiatric symptoms such as amnesia and
confusion may be present as well.

8.1.4 Pontine Hemorrhage
Pontine hemorrhage is not the most common ICH;

its incidence is less than 5-10% of all cases of ICH
[4]. However, it is the most severe hemorrhage

type with the poorest prognosis having case fatal-
ity rate of 50% or more [4]. Patients with pontine
hemorrhage often fall into deep coma due to dis-
ruption of the reticular activating system. In these
cases, the prognosis is extremely poor due to the
accompanying quadriplegia. Hemorrhages in the
anterior portion of the pons involve the corticospi-
nal tract leading to hemiparesis. Facial palsy, dys-
arthria, dysphagia, dizziness, vertigo, and deafness
may be caused by the destruction of the nuclei and
tracts of the 7th, 8th, 9th, and 10th cranial nerves.
Involvement of the respiratory center may also
result in apneustic or cluster breathing patterns. A
variety of oculomotor dysfunctions may occur,
such as unilateral or bilateral Horner syndrome,
ocular bobbing, ocular dipping, ping-pong gaze,
skew deviation, horizontal conjugate gaze palsy,
and one-and-a-half syndrome.

8.1.5 Cerebellar Hemorrhage

Cerebellar hemorrhages usually develop around
the dentate nucleus. In the case of expansion to
the pontine tegmentum, early surgery may be
needed for treatment or prevention of an obstruc-
tive hydrocephalus caused by compression of the
fourth ventricle or its outlets — the lateral aperture
(foramen of Luschka) and the median aperture
(foramen of Magendie). Headache is relatively
common in cerebellar hemorrhage, but impair-
ment of intrinsic functions of the cerebellum may
present as limb/truncal ataxia, dizziness, nausea,
vomiting, and gaze-evoked nystagmus. If hemor-
rhage is confined to the cerebellum without
involvement of the brain stem, hemibody weak-
ness is usually absent.

8.2 Symptoms and Signs
of Subarachnoid

Hemorrhage

Subarachnoid hemorrhage is most commonly
caused by traumatic brain injury, but about 80%
of non-traumatic SAHs are due to a rupture of an
intracranial aneurysm; about 10% are perimesen-
cephalic SAHs [5]. Because non-traumatic SAHs
show the poorest prognosis among the various
subtypes of stroke, a better understanding of its
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symptoms and signs is an essential prerequisite
for rapid diagnosis and treatment (Fig. 8.1).

8.2.1 Symptoms of Subarachnoid

Hemorrhage

8.2.1.1 Headache and Meningeal
Irritation Signs

Headache is the most common and a characteris-
tic symptom in patients with SAH. More than
70% of SAH patients complain of headache.
Because the intracranial arteries that run in the
subarachnoid space anatomically belong to the
large arteries, sudden rupture of these vessels
leads to bleeding into the intracranial space with
arterial pressure. Meningeal distension and irrita-
tion due to elevated pressure of the cerebrospinal
fluid cause severe headache. SAH patients often
refer to it as the most severe headache they have
experienced in their lifetime — “like a hammer
hit,” “like a bolt out of the blue,” and so on.
Headaches occur suddenly and become maxi-
mally severe within a few seconds to several min-
utes. Patients generally report generalized
headaches, but the pain is often localized near the
rupture site and occasionally involves the upper
neck. Increased ICP is accompanied by nausea
and vomiting in many cases, leading to severe
convulsions and decreased consciousness. In
addition to vomiting, meningeal irritation signs
such as posterior neck discomfort, photophobia,
and phonophobia may also be present. SAH is
the worst type of stroke, and it is reported that
about 10-12% of patients die before being trans-
ferred to the emergency center. If the SAH head-
ache is not severe, it is often difficult to distinguish
from other types of headache. Headaches in SAH
patients may mimic vascular headaches such as
migraine and tension-type headache or pain of
muscular origin in the head and neck region.
When the diagnosis is based only on the nature
and severity of the headache, it is often difficult
to differentiate headache due to SAH from other
forms of headache. Brain CT is generally recom-
mended for patients with the following condi-
tions: (1) sudden headache in adults, (2)
headaches accompanied by seizures or other neu-
rological symptoms, and (3) severe headache that
has not been experienced before.

8.2.1.2 Warning Leaks

The prodromal symptom of SAH, called “warn-
ing leaks” or “sentinel headache,” refers to a situ-
ation in which a small extravasation of the blood
from an aneurysm causes headaches before the
incidence of an aneurysmal SAH. It is reported
that these symptoms are present in 20-40% of
SAH patients [6, 7] and are generally regarded as
important clinical features to prevent of
SAH. However, these findings were largely from
retrospectively designed studies, a typical setting
in which patients are exposed to a recall bias. In a
prospectively designed study, only two of the 37
SAH patients were suspected of having actual
warning leaks [6]. It is very difficult to distinguish
real warning leaks because similar headaches are
a common complaint in normal adults. In conclu-
sion, warning leaks need to be suspected only in
patients with known intracranial unruptured aneu-
rysms, but their general value is quite limited in
clinical practice.

8.2.1.3 Decreased Levels

of Consciousness
Loss of consciousness is presented in about
50-70% of SAH patients [8] and mostly caused
by aneurysmal SAH - rarely in perimesence-
phalic SAH. Behavioral symptoms such as con-
fusion and agitation might occur together with
altered consciousness, and seizures are common.
Altered consciousness occurs mainly due to
decreased global cerebral perfusion caused by
increased ICP, which might result from accompa-
nying cardiac arrhythmia or seizure.

8.2.1.4 Seizures

Seizures occur in about 10-20% of all SAH
patients [9]. It is caused by blood-induced irrita-
tion of the cerebral cortex, so it mostly occurs in
aneurysmal SAH and rarely in perimesencephalic
SAH. Compared to other subtypes of stroke, the
incidence of seizures in SAH is very high.

8.2.2 Signs of Subarachnoid
Hemorrhage

8.2.2.1 Vital Signs
In most cases of SAH, vital signs are altered at
the time of admission. Blood pressure and pulse
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rate are typically increased. Body temperature
may be normal or slightly elevated to about 38°C,
and respiration is normal or slightly increased.
High blood pressure at the time of admission may
aggravate SAH status or induce rebleeding and
therefore needs to be treated by parenteral admin-
istration of antihypertensive drugs. However,
increased blood pressures is usually the result of
a sudden increase in sympathetic tone, especially
in previously normotensive patients, and continu-
ous lowering of blood pressure may cause global
cerebral ischemia. Accordingly, blood pressure
control should be carefully performed in the early
stages, with continuous monitoring of the blood
pressure. Acute cardiac abnormality is common:
troponin elevation occurs in 20-30% of SAH
patients, and ECG changes including cardiac
arrhythmia occur in more than 50% [10]. Left
ventricular dysfunction is also common but usu-
ally transient.

8.2.2.2 Ocular Signs

A sudden increase in ICP due to SAH prevents
venous outflow from the retina, resulting in
venous hemorrhage, which is called subhyaloid
hemorrhage. It occurs in about 10-20% of SAH
survivors [11], who sometimes complain of sco-
toma due to retinal dysfunction at the bleeding
site.

Oculomotor dysfunction, including third
nerve palsy, sixth nerve palsy, and impaired verti-
cal gaze (Parinaud’s syndrome), is common in
SAH patients. Third nerve palsy is the most
important sign. It is indicative of an aneurysm
rupture of the posterior communicating artery but
is rarely caused by aneurysm ruptures of the
superior cerebellar artery or the posterior cere-
bral artery. Third nerve palsy may occur without
bleeding even in an unruptured aneurysm if the
aneurysm expands rapidly. In this case, aneurysm
ablation therapy should be performed immedi-
ately because it suggests an impending rupture of
the aneurysm. Sixth nerve palsy may be caused
by increased ICP and is often seen bilaterally.
Parinaud’s syndrome with vertical eye movement
limitation implies a proximal dilatation of the
aqueduct of Sylvius due to acute hydrocephalus,
a state of pressing the vertical interstitial nucleus

of the medial longitudinal fasciculus as the verti-
cal gaze center.

8.2.2.3 Other Signs

Motor weakness may occur depending on the
nature of SAH, for instance, when bleeding from
an aneurysmal rupture directly destroys brain
parenchyma or when SAH causes a severe, focal,
chemical meningoencephalitis due to extrava-
sated blood. Hemiparesis might be present as
observed in cases of ischemic stroke, but it rarely
occurs, with the exception of cases wherein an
aneurysm of the middle cerebral artery ruptures.
In some cases, monoparesis and paraparesis
might be caused by the rupture of an aneurysm of
the anterior communicating artery.
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Principles of Clinical Diagnosis
of Hemorrhagic Stroke

Max Wintermark and Tanvir Rizvi

Hemorrhagic stroke can be defined as an acute
neurologic injury resulting from bleeding within
the skull [1]. Traumatic epidural and subdural
hemorrhage are excluded from discussion in this
chapter. Intracerebral, subarachnoid, and intra-
ventricular hemorrhage are the broad subdivi-
sions, based upon the different anatomic
compartments involved. Several different under-
lying vasculopathies can result in hemorrhagic
stroke. In intracerebral hemorrhage (ICH), bleed-
ing occurs directly into the brain parenchyma,
from where it can extend into the ventricles, sub-
arachnoid, or less commonly the subdural spaces.
The two most frequent primary causes of ICH are
hypertension-related deep perforating vasculopa-
thy and cerebral amyloid angiopathy (CAA). The
less common secondary causes include hemor-
rhagic infarction, arteriovenous malformation
(AVM)- or dural arteriovenous fistula (dAVF)-
related hemorrhage, cavernous malformations,
neoplasm related, coagulopathy/ bleeding dys-
crasias including iatrogenic supratherapeutic
anticoagulation, thrombolytic therapy, venous
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sinus thrombosis, septic emboli associated, CNS
infections like herpes, mycotic aneurysm, vascu-
litis, moyamoya disease, and vasoactive drugs
(Table 9.1). Subarachnoid hemorrhage (SAH)
can be both aneurysmal and non-aneurysmal.
Hemorrhagic stroke comprises 10-15% of all
strokes, but the proportion may be higher in
Asian and African populations [2]. Certain clues
in clinical history can point to a specific cause of
ICH. Younger age favors AVM as a cause, while
hypertension and CAA are more frequent in older
patients. Family history of ICH is more common
with cavernous malformations and rare genetic
familial forms of CAA. Previous history of cog-
nitive decline may suggest CAA. Patients with a
known cancer require hemorrhage into a metasta-
sis to be considered. History of illicit drug use,
especially cocaine and amphetamines, in young
patients with ICH needs to be elicited.
Hemorrhage during pregnancy and puerperium is
potentially associated with eclampsia, cerebral
venous thrombosis, and rarely choriocarcinoma.
The clinical presentation includes sudden
onset of focal neurologic deficits, altered con-
sciousness, headache, seizures, nausea, and vom-
iting. Progressive clinical deterioration can
commonly occur. It has been described that 38%
of ICH patients have more than a 33% growth in
the volume of parenchymal hemorrhage during
the first 20 h of baseline computed tomography
(CT) after admission. Most of the ongoing bleed-
ing occurs during the first 3—4 h after hemorrhage
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Table 9.1 Intracerebral hemorrhage: causes

Primary causes
1. Hypertension-related deep 1.

perforating vasculopathy 2.
2. Cerebral amyloid angiopathy

Secondary causes

Hemorrhagic infarction

Vascular malformations:

(a) Arteriovenous malformations

(b) Dural arteriovenous fistula
(¢) Cavernous malformation
(d) Aneurysm rupture (ICH and SAH)

3. Neoplasms:

(a) Primary
(b) Secondary
4. Coagulopathy:
(a) Hereditary
(b) Acquired
(c) Iatrogenic (anticoagulants, antiplatelets)

en

Venous sinus thrombosis
6. Infections:

(a) Septic emboli (bacterial endocarditis) associated
(b) CNS infections like herpes
(¢) Mycotic aneurysms
7. Vasculitis and collagen vascular diseases
8. Moyamoya disease
9. Reversible cerebral vasoconstriction syndrome (RCVS)
10. Vasoactive drugs like cocaine, heroin, amphetamine, and ecstasy

ICH intracerebral hemorrhage, SAH subarachnoid hemorrhage, CNS central nervous system

onset [3]. Knowledge of this fact justifies a repeat
CT when there is rapid neurologic deterioration.

The symptoms are usually nonspecific, and
imaging occupies a central part in all manage-
ment strategies in emergent settings. Quick
diagnosis of hemorrhage is essential in acute
stroke care as the treatment of ischemic and
hemorrhagic stroke is markedly different.
Different blood tests comprise an essential com-
ponent of diagnostic workup of such patients.
Computed tomography (CT) remains the work-
horse of hemorrhagic stroke evaluation due to
its easy 24 h availability, ease of patient moni-
toring during scanning, and less time taken for
imaging and interpretation. With technological
advances, higher field and gradient strengths,
and faster computing power, magnetic reso-
nance imaging (MRI) is increasingly becoming
the second most important modality for hemor-
rhagic stroke evaluation. It provides additional
important information in entities like hemor-
rhagic infarction, cerebral amyloid angiopathy,
and primary and secondary neoplasms. CT angi-
ography (CTA), MR angiography (MRA), and
digital subtraction angiography (DSA) also
provide supplemental information in patients

suspected of aneurysm, vascular malformation,
and venous sinus thrombosis. Neurophysiology
tests including Transcranial Doppler (TCD)
remain an important diagnostic tool especially
in critical care settings and follow-up of accom-
panying entities like vasospasm.

9.1 Blood Tests

Blood tests on their own cannot diagnose intra-
cranial hemorrhage. But they provide indirect
information, which helps in the diagnostic evalu-
ation of hemorrhagic stroke. For example, evalu-
ation of coagulation parameters helps in the
assessment of those patients who are at an
increased risk of intracranial hemorrhage.
Similarly, liver function tests in alcoholics can
provide an assessment of those patients who have
increased proclivity for intracranial hemorrhage.
The following list is a comprehensive but not
exhaustive list of blood tests that provide us with
this kind of information:

e Complete blood count (CBC) including plate-
let count: Hematocrit and platelet count can be
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monitored to identify hemorrhagic risk and
complications. Severe bleeding usually occurs
when platelet count falls below 10 x 10(9)/L
[4]. Admission leukocytosis has been cited to
have a strong association with intraventricular
hemorrhage [5].

e Prothrombin time (PT), activated partial
thromboplastin time (aPTT), and international
normalized ratio (INR): PT measures how
quickly blood clots. Prolonged PT can be seen
with warfarin use, liver disease resulting in
diminished synthesis of clotting factors, and
disseminated intravascular coagulation (DIC)
among other causes. aPTT is used to monitor
response to heparin therapy. INR is a stan-
dardized unit that can be used to compare PT
done at different labs. Increased values of all
these tests are seen in patients with ICH.

e Liver enzymes: Deranged liver function tests
are seen in alcoholics and patients with liver
failure, which results in abnormal clotting fac-
tors increasing chances of bleeding including
ICH.

e C-reactive protein and fibrinogen levels can be
abnormal in patients with ICH.

* Blood cultures in suspected septicemia with
ICH.

e Screening for prothrombotic conditions in
cases of cerebral venous thrombosis. Factor V
Leiden mutation, protein C deficiency, protein
S deficiency, antithrombin C deficiency, ele-
vated factor VIII, antiphospholipid antibody
syndrome, activated protein C resistance, and
hyperhomocysteinemia are some of the tests
that can be run to determine the cause of
hypercoagulable state in patients with unex-
plained cerebral venous thrombosis.

e Serum chemistries including electrolytes and
osmolarity can be used to assess for metabolic
derangements, such as hyponatremia, and
monitor osmolarity for guidance of osmotic
diuresis.

e Toxicology screen and serum alcohol level if
illicit drug use or excessive alcohol intake is
suspected. The association between ICH and
use of amphetamine, cocaine and its freebase
form crack-cocaine, and ecstasy has been
reported with increased frequency [6]. Cocaine

metabolites can be screened in urine within
48 h of admission. Cocaine-associated ICH has
worse functional outcome and three times more
likely to die during their acute hospitalization
compared to cocaine-negative patients [7].

e Screening for vasculitic etiologies in select
patients: Selective testing for vasculitis among
the more uncommon causes of intracerebral
hemorrhage can be done.

9.2 BrainlImaging

As we saw in the last section, blood tests cannot
diagnose hemorrhagic stroke, and imaging is a
key starting point in the evaluation of suspected
hemorrhagic stroke and must be obtained on an
emergent basis. Imaging helps in excluding
ischemic stroke and identifies complications of
hemorrhagic stroke such as intraventricular
hemorrhage, brain edema, herniation, and
hydrocephalus. First, we will discuss the differ-
ent imaging modalities including CT and MRI
for structural neuroimaging and CTA, MRA,
and DSA for vascular neuroimaging. Then we
shall discuss neuroimaging relevant to the com-
mon etiologies of hemorrhagic stroke.

9.2.1 Non-contrast Computed

Tomography (NCCT)

High sensitivity and specificity of diagnosis of
acute hemorrhage, lower cost, 24-h availability,
feasibility of use for unstable patients and rapid
imaging and report turnover time make CT the
preferred diagnostic modality in emergent set-
tings for evaluation of hemorrhagic stroke.
Acute ICH is seen as a round or oval hyperat-
tenuating lesion on head CT within minutes of
onset of symptoms. In hyperacute settings, CT
density measures 40—60 Hounsfield units (HU)
and can appear heterogeneous. As the clot orga-
nizes, it becomes more homogeneous and
hyperdense with CT density increasing to 60—80
HU in hours to days and then 80-100HU over a
course of few days, when it is surrounded by an
area of hypoattenuation representing vasogenic
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edema. As the hemorrhage ages, the CT density
gradually decreases by an average of 0.7-1.5
HU per day [8]. It decreases in density with pas-
sage of time and becoming isodense approxi-
mately after 1 week [9]. Smaller bleeds are
better seen on thin-slice imaging, and those
adjacent to the calvarium are better seen with a
wider (150-250 HU) window setting [1]. In
extreme anemia, acute blood may appear
isodense because of low hematocrit. In active
extravasation, liquid blood can also appear
hypodense relative to hyperdense surrounding
clot, resulting in the so-called “swirl” sign [10]
(Fig. 9.1). Similarly, acute blood in the setting
of coagulopathy can appear isodense or may
demonstrate a fluid-fluid level. If there is no
rebleeding, late sequela of hemorrhages can
include hypodense foci (37%), slit-like lesions
(25%), calcifications (10%), or no detectable
abnormalities (27%) [11].

Swirl sign

Fig. 9.1 “Swirl” sign. A 47-year-old female on antico-
agulation presented with altered mental status post fall.
There was a large left temporal intraparenchymal hema-
toma with hypodense “swirl” sign (arrow) suggesting
active bleeding. There was surrounding edema and mass
effect on left lateral ventricle. Subarachnoid and intraven-
tricular hemorrhage was also seen

CT helps in identifying the location of the
hemorrhage, any intraventricular extension, sur-
rounding edema, mass effect, midline shift, or
herniation and also estimates the hemorrhage
volume. Product of three dimensions of the
hematoma divided by two gives a rough volume
of the hematoma. This helps in improved com-
munication between care providers and also for
prognostication, as one-third of patients will have
hematoma expansion on a follow-up CT within
first 3 h of symptom onset [12]. CT can also be
utilized for guidance for surgical evacuation of
the hematoma or for placement of external ven-
tricular drain for those patients with ICH having
an intraventricular extension and associated
obstructive hydrocephalus.

9.2.2 Magnetic Resonance
Imaging (MRI)

The accuracy of MRI to detect acute symptomatic
ICH is equivalent to that of CT, while MRI is
more sensitive in the detection of subacute and
chronic hemorrhage compared to CT [13].The
imaging characteristics and appearance of ICH
evolve with time (Table 9.2). In the acute phase,
gradient-echo T2*-weighted (T2*W) MRI is the
most sensitive sequence. The paramagnetic prop-
erties of blood products induce local field inho-
mogeneities resulting in signal loss and hence
hypointense appearance on T2*W sequences.
Newer three-dimensional susceptibility-weighted
imaging (SWI) sequences have been developed,
which have been shown to be more sensitive than
CT and even T2*W gradient recalled echo (GRE)
sequences in detecting both chronic microhemor-
rhage and small volume hemorrhage within an
acute infarct [14, 15]. Other MRI sequences such
as diffusion-weighted sequence (DWI), T1, T2,
and fluid-attenuated inversion recovery sequence
(FLAIR) provide supportive information. DWI
can show an acute or subacute infarct as an area of
restricted diffusion. MRI can differentiate the pri-
mary causes of ICH, hypertension-related deep
perforating vasculopathy and cerebral amyloid
angiopathy. White matter T2/FLAIR hyperinten-
sities of likely vascular origin, lacunar infarcts,
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deep cerebral microbleeds, and brain atrophy are
suggestive of deep perforating vasculopathy [16].
Lobar chronic microbleeds, superficial siderosis
related to repeated bleeding in subarachnoid and
subpial spaces, and white matter hyperintensities
representing silent ischemic areas are known
manifestations of CAA. Limitations of MRI
include increased time to perform the study com-
pared to CT, difficulty in monitoring unstable
patients for the length of the study, contraindica-
tion for patients with metallic implants or foreign
bodies, large body habitus, and claustrophobia.

9.2.3 Computed Tomography
Angiography (CTA)

CTA is performed after intravenous administra-
tion of iodinated contrast material, tracking the
contrast passage and CT scanning in arterial
phase to image the arteries of the head and neck.
The most common indications include evaluation

for any aneurysm as a cause of SAH and evalua-
tion of stenosis or occlusion of arteries of the
neck and intracerebral arteries. A spot sign on CT
angiogram is seen as a 1-2 mm focus of intense
enhancement within a hematoma and represents
active contrast extravasation in a bleeding focus
or a small pseudoaneurysm [10] (Fig. 9.2). This
sign is predictive of hematoma expansion and
poorer prognosis. Besides these, entities like
AVMs and dAVFs, moyamoya disease, vasculi-
tis, and vasospasm related to drug use can be
diagnosed by CTA. A variant on the same theme,
CT venography (CTV), can be performed by
imaging in venous phase to diagnose dural
venous sinus or cortical venous thrombosis as a
cause of venous infarct and associated hemor-
rhage. With increasing availability of multislice
CT and fast scanning time, CTA has largely
replaced the invasive DSA for diagnostic evalua-
tion of the vasculature. Disadvantages include
radiation exposure, risk of contrast-induced
nephropathy, and allergic reactions.

Spot sign

Fig. 9.2 “Spot” sign. A 59-year-old male presented with
postcoital altered mental status, right hemiparesis, and
aphasia. Blood pressure (BP) 223/145 mmHg at arrival.
Non-contrast computed tomography (NCCT) head (a)
showed a large 6 cm left basal ganglia/putamen intraparen-
chymal hemorrhage with surrounding vasogenic edema
and left to right midline shift. Computed tomography (CT)

angiogram head and neck showed a “spot” sign (arrow)
corresponding to an area of active hemorrhage (b). Note
this corresponds to a hypodense area on corresponding
non-contrast CT. A left frontal craniotomy was done to
evacuate the hematoma. There was increased intraventric-
ular extension and midline shift despite evacuation (c).
Patient died a day later due to continued bleeding
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9.2.4 Magnetic Resonance
Angiography (MRA)

MRA provides the same information which
CTA does. However, MRA of the head utilizing
time-of-flight technique does not require con-
trast administration and can be performed in
those patients with renal insufficiency or previ-
ous serious allergic reaction to contrast. The sen-
sitivity and specificity of 1.5T MRA are lower
than that of modern multislice CTA studies [17].

9.2,5 Digital Subtraction Cerebral
Angiography (DSA)

Conventional angiography or DSA is a mini-
mally invasive neuroimaging technique involv-
ing femoral sheath introducer placement in
common femoral artery followed by advance-
ment of catheter into the common, internal
carotid or vertebral artery under fluoroscopic
guidance and then imaging the flow of contrast
in real time to obtain dynamic images of the
artery of interest. As this is a real-time imaging,
arterial, capillary, and venous phases can be
obtained. It remains the gold standard to evalu-
ate underlying AVMs or dAVFs in patients with
ICH. In less than 1% of patients, there is a risk
of complications including stroke, vessel dis-
section, vessel perforation, contrast allergic
reaction, contrast-induced nephropathy, and
groin hematoma. DSA is also utilized for
treatment in form of aneurysm coiling, stent
placement, AVM obliteration, and tumor embo-
lization, among others.

9.2.6 Evidence-Based
Recommendations
of Modality Usage in ICH

The American Heart Association/American
Stroke Association recommends rapid neuroim-
aging with CT or MRI to distinguish ischemic
stroke from ICH (level A of evidence) [12]. CTA

or contrast-enhanced CT may be considered to
help identify patients at risk for hematoma expan-
sion (level B of evidence). Vessel examination
can be useful to screen for underlying structural
lesions, including vascular malformations and
tumors when there is a clinical or neurologic sus-
picion (level B of evidence) [18].

9.3  Neuroimaging Relevant
to Common Etiologies
9.3.1 Hypertension-Related Deep

Perforating Vasculopathy

The most common cause of nontraumatic sponta-
neous ICH is arterial hypertensive vasculopathy
and is associated with long-standing hypertension
[19]. It commonly affects the lenticulostriate arter-
ies arising from the middle cerebral arteries, thal-
amoperforating and thalamogeniculate arteries
arising from the posterior cerebral arteries, and the
pontine and brainstem perforators arising from the
basilar artery. In patients with hypertension, these
small vessels can undergo intimal hyperplasia,
intimal hyalinization, and medial degeneration,
which predispose them to focal necrosis and rup-
ture. The classic location of macroscopic hyper-
tensive hemorrhage reflects the areas supplied by
these small perforators. Forty to fifty percent
bleeds occur in the putamen and internal capsule,
20-30% in the thalamus, and 8% each in the pons
and cerebellum with 20-30% being lobar subcor-
tical hemorrhage [20] (Fig. 9.3). Hypertensive
hemorrhage in basal ganglia and brainstem may
dissect into the ventricular system resulting in
intraventricular hemorrhage (IVH), which appears
hyperdense on CT, hypointense on T2*W and
SWI sequence, and hyperintense on FLAIR
sequence relative to adjacent dark CSF. Chronic
multifocal microhemorrhages can be seen in the
distribution of small perforating vessels not typi-
cally detected on CT but best seen on MRI T2* or
SWI sequences. The other MR imaging findings
include white matter T2/FLAIR hyperintensities,
lacunar infarcts, and brain atrophy.
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Fig. 9.3 Hypertensive intraparenchymal hemorrhage in
two different patients. A 46-year-old female with history
of hypertension and congestive heart failure presented
with sudden onset headache, sweating, and nausea. Non-
contrast computed tomography (NCCT) showed a left
superior cerebellar intraparenchymal hematoma with sur-
rounding edema (a). A CT done 2 years before on the

9.3.2 Cerebral Amyloid
Angiopathy (CAA)

Lobar ICH in the settings of advanced age and
history of cognitive decline is the classic picture
of CAA. It is rarely seen below 60 years of age
with increasing incidence after 65 years [1].
Deposition of amyloid beta-peptide in the small-
and medium-sized vessels of the leptomeninges
and cortex with affected vessels undergoing
fibrinoid degeneration, necrosis, and microaneu-
rysm formation followed by rupture of weakened
segments results in either microhemorrhage or
large hematomas [21]. Neuroimaging findings
include cortical-subcortical location of hema-
toma, presence of microbleeds in cortical regions,
and superficial siderosis (Fig. 9.4), best seen on
T2*W and SWI MRI sequences, and typically
not visible on CT. The widely used Boston crite-
ria for the diagnosis of CAA rely heavily on the
imaging features of both macro and microhemor-
rhages when pathologic evidence is not available
[22]. For definite diagnosis, postmortem exami-

Hypertensive ICH

same patient had shown a right putamen intraparenchymal
hematoma (b). Both these are common locations for
hypertensive intracerebral hemorrhage (ICH). A 64-year-
old male presenting with right hemiplegia and unrespon-
siveness showed a left thalamic hemorrhage with
intraventricular extension (c¢). The thalamus is another
common location of hypertensive ICH

nation findings of lobar, cortical, or cortico-sub-
cortical hemorrhage, severe CAA, and absence of
other causative lesion are needed. Probable CAA
diagnosis needs all three findings of age greater
than 60; multiple hemorrhages restricted to lobar,
cortical, cortico-subcortical regions; and absence
of other causative lesion. Possible CAA diagno-
sis needs age greater than 60 AND either single
lobar, cortical, cortico-subcortical hemorrhage
without another cause OR multiple hemorrhages
with possible but not definitive cause or with
some hemorrhages in atypical location.

9.3.3 Hemorrhagic Infarction

Hemorrhagic infarction refers to bleeding in a
pre-existing area of ischemia. This occurs around
the second week following infarct when occur-
ring spontaneously and earlier in those
undergoing IV/IA thrombolysis or mechanical
clot retrieval through endovascular approach.
The hemorrhage tends to occur in two patterns,
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CAA associated ICH

Fig. 9.4 Cerebral amyloid angiopathy (CAA)-associated
lobar hemorrhage. A 84-year-old male with dementia pre-
sented with sudden onset aphasia, right facial droop, left
gaze preference, and right hemiplegia. Computed tomog-
raphy (CT) head showed a large left posterior frontal and
parietal intracerebral hemorrhage (ICH) with surrounding
edema (a). Magnetic resonance imaging (MRI) showed
the large lobar left frontal and parietal hemorrhage isoin-
tense on Tl-weighted image (T1W) (b) and heteroge-
neously hyperintense on T2-weighted image (T2W) (c)

petechial hemorrhage and parenchymal hema-
toma [23]. Petechial hemorrhage on CT appears
as subtle increased density with indistinct mar-
gins, sometimes appearing speckled or punctate.
On MRI, it gives characteristic signal dropout on
T2*W sequence. Petechial hemorrhages are seen
primarily in gray matter structures. It is of little
clinical significance, and antithrombotic therapy
is generally not withheld in such cases.
Parenchymal hematoma can be classified as type

and fluid-attenuated inversion recovery (FLAIR) sequence
(d) with fluid-fluid level formation and surrounding vaso-
genic edema. Susceptibility-weighted image (SWI)
sequence showed punctate area of susceptibility in right
frontal lobe representing microhemorrhage (e) and super-
ficial siderosis as gyriform susceptibility along the vertex
(f). No significant enhancement was seen on post-contrast
TIW sequence (g). The MR findings are probable for
cerebral amyloid angiopathy-associated ICH

1 and 2, with greater than 30% infarcted area
being involved and resulting mass effect in type
2, which is correlated with clinical deterioration
and poor clinical outcome [24] (Figs. 9.5 and
9.6). Antithrombotic therapy is generally with-
held in parenchymal hematoma. MR is more sen-
sitive in detection of ischemia with DWI
sequences and hemorrhagic transformation with
T2*W and SWI sequences compared to CT.
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Hemorrhagic transformation

Fig.9.5 Hemorrhagic transformation of left superior cer-
ebellar artery (SCA) territory infarct. A 66-year-old male
presented with acute onset dysarthria and vertigo.
Computed tomography (CT) (a) and magnetic resonance
imaging (MRI) (b) on the day of the presentation showed
a large left SCA territory infarct. Gradient sequence does
not show any susceptibility (c). Repeat MRI 2 days later

9.3.4 Arteriovenous
Malformation (AVM)

AVMs represent a connection between arterial
and venous systems through a nidus of abnormal
vascular channels without an intervening capil-
lary bed. An AVM typically consists of enlarged
feeding arteries, tightly packed vascular nidus
consisting of shunting vessels and gliotic inter-
vening brain parenchyma, and enlarged draining

after tissue plasminogen activator (tPA) administration on
T2-weighted image (T2W) (e) and T2* gradient-echo
(GRE) (f) sequence shows susceptibility as hypointense
signal representing blood products, which is seen as
hyperdensity on CT done the same day (d) representing
hemorrhagic transformation of infarct

veins. Aneurysms on feeding arteries or within
the nidus serve as potential points of hemorrhage.
The risk of rupture is 2% per year in an unrup-
tured AVM [1]. Hemorrhagic arteriovenous mal-
formation (AVM) presentation, increasing age,
deep brain location, and exclusive deep venous
drainage appear to be independent predictors for
AVM hemorrhage during natural history follow-
up [25]. On CT, AVM without hemorrhage is
seen as a tangle of vessels giving a mass-like
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Hemorrhagic transformation

Fig.9.6 Hemorrhagic transformation of left middle cere-
bral artery (MCA) territory infarct. A 62-year-old female
presented with sudden onset left hemiplegia, left facial
droop, and speech difficulty. Computed tomography (CT)
head showed a dense left MCA (a) with large left MCA
distribution infarct (b). CT angiogram axial maximum
intensity projection (MIP) images showed a proximal M1

appearance with attenuation similar to blood ves-
sels, often accompanied by calcifications. After
intracranial hemorrhage, the hematoma may
obscure some or all of the AVM. Enlarged nearby
vessels or calcifications can act as a clue to AVM
presence. CTA typically shows vascular nidus,
enlarged feeding arteries, and draining veins
(Fig. 9.7). MRI may show flow voids within the
nidus and along the feeding and draining vessels

MCA cutoff (¢). CT perfusion cerebral blood volume
(CBV) (d) and cerebral blood flow (CBF) (e) maps
showed matched defects in left MCA distribution repre-
senting a completed MCA territory infarct. CT done 14 h
after presentation due to sudden onset deterioration
showed a large hemorrhagic transformation, left to right
midline shift, and subfalcine herniation (f)

due to a high flow state. Small AVMs or arterio-
venous fistulae may not be visible on cross-sec-
tional imaging, and DSA remains the gold
standard for detection of underlying vascular
malformation in spontaneous ICH caused by
these entities. In the setting of a negative initial
workup in a young patient, a second evaluation is
needed once the mass effect from the hematoma
has subsided.
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AVM rupture

Fig. 9.7 Superior cerebellar hemorrhage due to arterio-
venous malformation (AVM) rupture. A 75-year-old male
found down in apartment complex. Computed tomogra-
phy (CT) head (a, b) showed a right cerebellar intracere-
bral hemorrhage (ICH). CT angiogram showed a small
prominent vascular enhancement (arrow, d) in superior
aspect of right cerebellar hemisphere with enlarged right
superior cerebellar artery (arrow, ¢) and distended veins

9.3.5 Dural Arteriovenous
Fistula (dAVF)

Dural AVFs are fistulas that connect dural arterial
branches to dural veins or venous sinuses. They
are generally acquired. Venous sinus thrombosis
appears to be a common predisposing factor.
Trauma, surgery, and infections can also result in
dAVFs. They can present with hemorrhage when
venous hypertension becomes severe. A non-con-
trast CT is done to exclude intracranial hemor-
rhage. A CT may also show edema related to
chronic venous congestion in the brain
parenchyma drained by the correspondingly
involved dural venous sinus. Enlarged veins or
transosseous channels may be visible. On MRI,
dilated cortical veins without a parenchymal
nidus; thickened dural leaflet; hypertrophied

draining into straight sinus (arrow, e). Coronal maximum
intensity projection (MIP) image confirmed enlarged right
superior cerebellar artery (arrow, f). Digital subtraction
angiography (DSA) confirmed the right superior cerebel-
lar AVM mainly supplied by right superior cerebellar
artery (SCA) (arrow, g), which was embolized utilizing
Onyx (h)

pachymeningeal arteries; dilated, tortuous venous
channels; and a thrombosed or stenosed dural
venous sinus may be seen. Time-of-flight MRA
may depict arterial feeders and fistula site.
Arterial spin labeling (ASL) is a relatively new
technique that can be utilized for detection of
dAVFs and small AVMs. Le et al. found that
identifying venous ASL signal intensity improved
detection of DAVFs and small AVMs, which may
improve triage to DSA in patients with suspected
small vascular malformations [26]. DSA remains
the gold standard for diagnosis and planning of
treatment (Fig. 9.8). The common angiographic
findings seen are feeders from pial and dural
branches, AV shunting, venous ectasia, stenosis,
calcifications, impaired drainage of cerebral
parenchyma with delayed venous drainage, and
cortical venous collaterals [27].
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Fig. 9.8 Tentorial dural arteriovenous fistula (dAVF)
with postoperative hemorrhage. A 79-year-old female pre-
sented initially with vertigo and dizziness and was found
to have cerebellar edema and a complex tentorial dAVF
supplied by bilateral external carotid artery (ECA)
branches and cortical venous drainage in bilateral cerebel-
lar hemispheres on magnetic resonance imaging (MRI)
axial T2-weighted (T2W) (a), post-contrast axial (b) and
coronal T1-weighted (TIW) (¢) images. Digital subtrac-

9.3.6 Cavernous Malformation (CM)

Anatomically, a cavernous malformation is
composed of a cluster of thin-walled vessels
without elastic fibers or smooth muscles, typi-
cally with a rim of hemosiderin-laden gliotic
tissue. The hemosiderin is related to chronic
microhemorrhage, a hallmark of cavernous mal-
formation. The prospective annual risk of hem-
orrhage is low, being around 0.6% in one study
[28]. In those who have already bled, the annual
risk of hemorrhage increases to around 4.5% in

dAVF with hemorrhage

(4

tion angiography (DSA) anteroposterior (AP) (d) and
oblique (e) view showed predominant arterial supply
through left ECA branches. Three pedicles had previously
been embolized. A right occipital craniotomy was done to
disrupt the dAVF. Postoperative computed tomography
(CT) (f) showed a left temporoparietal intracerebral hem-
orrhage (ICH) with surrounding edema resulting from a
venous hemorrhagic infarct

the same study. The most common locations are
the brainstem (35%), basal ganglia/thalamus
(20%), and hemispheric area (48%) [28]. The
hemorrhage of CM is smaller in volume com-
pared to that of AVM or dAVF, and so these
patients present with less severe clinical symp-
toms when the hemorrhage is not in the brain-
stem or spinal cord. On CT, a CM appears iso- to
slightly hyperdense with sometimes associated
calcifications noted. Faint or peripheral
enhancement can sometimes be seen, which is
however not a reliable sign. MR imaging is the
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Hemorrhage associated with cavernous malformation

Fig. 9.9 Hemorrhage associated with pontine cavernous
malformation. A 70-year-old male presented with hori-
zontal gaze palsy, mild facial weakness, left side loss of
proprioception, and ataxia. Computed tomography (CT)
head showed a well-circumscribed hyperdensity in dorsal
pons (a). Tl-weighted (T1W) sequence (b) showed an
area of intrinsic T1 shortening with a broken peripheral

modality of choice with reticulated, “popcorn-
like” mass of variable signal intensity (due to
blood products in variable stages of evolution)
on T2W sequence with a peripheral hypointense
hemosiderin rim. “Blooming” is noted on T2*
sequence accentuated on SWI sequence
(Fig. 9.9). 3D SWI sequence detected 1.7 times
as many lesions as a T2* GRE sequence and 8
times as many as spin-echo T2 sequence [29].
On digital subtraction angiography, the CMs are
classically angiographically occult. They are

rim-like configuration. T2-weighted (T2W) sequence
(c¢) showed a hypointense area corresponding to the bleed
with surrounding vasogenic edema. No significant
enhancement was seen on post-contrast TIW (d)
sequence. T2*-weighted gradient-echo (GRE) sequence
(e) showed characteristic “blooming” representing a cav-
ernoma bleed

commonly associated with developmental
venous anomaly (DVA), which can be found in
8-33% of cases [30]. If resection of a CM is
planned, contrast-enhanced CT or MR has to be
performed to exclude an associated DVA, as
inadvertent resection of all or part of DVA along
with a CM can result in a venous infarct. DVA is
seen as stellate arrangement of tubular veins
joining at collector veins draining to a sinus or
ependymal surface resulting in a “caput medusa”
appearance.
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9.3.7 Cerebral Aneurysm

Most aneurysm ruptures result in SAH, but about
34% are associated with ICH [31]. Such cases
likely result from rupture of aneurysms that are
pointed into or embedded in cerebral parenchyma
(Fig. 9.13). Whenever hematoma extends from
the base of the brain and is associated with SAH,
rupture of berry aneurysms should be considered
in the differential diagnosis and vascular evalua-
tion by CTA or MRA should be obtained.

9.3.8 Aneurysmal and Non-
aneurysmal SAH

If we exclude trauma, aneurysmal rupture is the
most common cause of subarachnoid hemor-
rhage. The non-aneurysmal causes of SAH
include AVM or AV fistula, intracranial dissec-
tion, cerebral venous sinus thrombosis, revers-
ible cerebral vasoconstriction syndrome,
vasculitis, use of sympathomimetic drugs, and
perimesencephalic hemorrhage. Early diagnosis
and treatment is crucial as 61% of deaths occur
within 2 days of the initial event [32]. Thirty-day
mortality in the same series was 45%. Non-
contrast CT is highly sensitive for acute and sub-
acute SAH. High attenuation blood is seen in
subarachnoid spaces within sulci, fissures, and
basal cisterns. MRI shows hyperacute blood
products best on FLAIR and proton-density
sequences. FLAIR sequence is sensitive for
detection of SAH within 12 h of symptom onset
and remains positive in first 2 weeks. But it is not
specific as increased signal can be seen in infec-
tion, increased protein content in cerebrospinal
fluid, and flow-related artifacts [1]. Saccular
aneurysms tend to occur at branch points along
cerebral vessels, at a bifurcation or the origin of
a side branch. They commonly occur at the ori-
gin of anterior or posterior communicating arter-
ies, middle cerebral artery bifurcation, basilar
tip, or posterior inferior cerebellar artery origin
(Fig. 9.10). Non-contrast CT sometimes may
show an aneurysm as rounded or lobulated mass
within a hematoma. Some aneurysms may be

detected on MRI as a flow void or a mass with
flow-related artifact in the phase-encoding direc-
tion. Dedicated vascular imaging including CTA
or MRA is very sensitive for detection of aneu-
rysms. DSA is the gold standard for detection of
aneurysm rupture as a cause of SAH, especially
for aneurysms less than 3 mm in size. An impor-
tant cause of nonaneurysmal SAH is perimesen-
cephalic SAH, in which SAH is centered
immediately anterior to the midbrain in perimes-
encephalic cistern, which may or may not extend
into ambient and Sylvain cistern. No other iden-
tifiable cause of SAH is discovered on vascular
imaging, and it has a very good prognosis with
low rates of recurrent hemorrhage, hydrocepha-
lus, and vasospasm.

9.3.9 Neoplasms

Among the primary brain tumors having increased
vascularity or neovascularity that have increased
tendency to ICH are glioblastoma, oligodendro-
glioma, pituitary adenoma, ependymoma, subep-
endymoma, peripheral neuroectodermal tumor,
and epidermoid. Lung, renal and thyroid carci-
noma, melanoma and choriocarcinoma are among
the secondary deposits with increased chances of
ICH. Resultant hemorrhage appears similar to
other causes, though there a few features that favor
a neoplastic process as a cause. Hematomas asso-
ciated with neoplastic process have greater amount
of surrounding vasogenic edema, are more hetero-
geneous, have slower degradation of blood prod-
ucts, may have an incomplete hemosiderin rim on
MRI, and generally have a thick or nodular
enhancement (Fig. 9.11). Like ICH associated
with AVM, a small neoplasm relative to hematoma
size can be obscured, and delayed imaging after
resolution of hemorrhage is strongly recom-
mended in a negative acute workup.

9.3.10 Coagulopathy

There are increased chances of ICH in patients
having coagulation disorders, both hereditary
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Aneurysmal SAH

Fig. 9.10 Subarachnoid hemorrhage (SAH) related to
basilar and right middle cerebral artery (MCA) bifurca-
tion aneurysm rupture in two different patients. Computed
tomography (CT) head (a) showed diffuse subarachnoid
and intraventricular hemorrhage with hydrocephalus in a
76-year-old female. CT angiogram (CTA) head coronal
maximum intensity projection (MIP) (b) showed a 6 mm
basilar tip aneurysm projecting anterosuperiorly. CT head
(¢) in another 44-year-old hypertensive female presenting

and acquired. With aging population and
increased oral anticoagulant use, there is about
seven to tenfold increased risk of ICH in such
patients [17]. On non-contrast CT, the ICH
appears heterogeneous with tendency to fluid-
fluid level formation, rapid progression, and
enlargement of size with time and often “swirl”
sign (Fig. 9.1) signifying active bleeding. There
is overall higher mortality in patients on antico-
agulants compared to other causes of ICH.

with seizures revealed a large right temporal intracerebral
hemorrhage (ICH) with intraventricular extension. CTA
showed a dysplastic right MCA bifurcation aneurysm (d)
as cause of this ICH. This was subsequently clipped.
Additionally, she showed multiple dysplastic aneurysms
including distal anterior cerebral artery (ACA) (e) and
right posterior inferior cerebellar artery (PICA) (f)
aneurysm

9.3.11 Venous Sinus Thrombosis

In the largest series to date, 39% of patients with
thrombosis of intracerebral veins and/or dural
venous sinuses were found to have associated
hemorrhage [33]. This is a disease more com-
monly afflicting women, with 74.5% of the
involved patients being female. Clinical course
can be extremely insidious and variable. History
of dehydration, recent childbirth/abortion, and
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Neoplasm associated hemorrhage

Fig. 9.11 Hemorrhagic brain parenchymal metastases
from renal cell carcinoma. A 45-year-old male with renal
cell carcinoma presenting with dizziness. Magnetic reso-
nance imaging (MRI) T2-weighted (T2W) sequence (a)
showed heterogeneously hypointense lesions with signifi-
cant vasogenic edema in left frontal and right occipital
lobe, which showed susceptibility on susceptibility-
weighted imaging (SWI) sequence (c). On sagittal pre-

oral contraceptive use can be commonly found in
patients. Neuroimaging can play a key role in
early diagnosis and treatment. The imaging
appearance of hematoma is nonspecific.
Identification of secondary signs is essential to
make this diagnosis. Associated edema resulting
from venous obstruction often precedes hemor-
rhage and is generally greater than seen with
primary ICH. The edema and hemorrhage follow
a venous, rather than arterial distribution. Edema
is seen as hypodense on CT. MRI can show areas
of venous ischemia, and parenchymal edema is
best seen on T2W and FLAIR sequences. A

contrast T1-weighted (T1W) sequence (b), the right
occipital lesion is isointense with hyperintense inferior
rim suggesting blood products. Post-contrast axial (d) and
sagittal (e) sequence show enhancing metastasis in right
frontal lobe and nodular enhancement in superior part of
right occipital lesion, respectively. Computed tomography
(CT) showed hyperdense hemorrhagic metastasis (f)

hyperattenuating cortical or deep vein adjacent to
the hematoma can be seen on a non-contrast
CT. Contrast-enhanced CT can show an “empty
delta” sign representing nonenhancing thrombus
in involved sinuses. Similarly, a 3D contrast-
enhanced MR sequence like MPRAGE can show
the thrombus as a non-enhancing area in involved
sinuses. The appearance of thrombus can vary
with time, being isointense on T1 and hyperin-
tense on T2 in the acute phase, hyperintense on
T1 and T2 in the subacute phase, and isointense
on T1 and hyperintense on T2 in chronic phase
[34]. Time-of-flight MR venography improves
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Venous sinus thrombosis associated hemorrhage

Fig. 9.12 Hemorrhagic venous infarct of left posterior
temporal lobe caused by left transverse and sigmoid sinus
thrombosis. A 29-year-old female presenting with intrac-
table headache. Computed tomography (CT) head (a)
showed a confluent hypodensity with hyperdense compo-
nents in left posterior temporal lobe suggesting hemor-
rhagic components in an acute/subacute infarct. Note
relative hyperdensity in left transverse-sigmoid sinus
junction (b) suggesting a thrombus. CT angiogram
showed thrombosis of left transverse and sigmoid sinus
(c) as absence of contrast compared to right side, which
extends into upper internal jugular vein (d). Coronal

detection of sinus thrombosis (Fig. 9.12). There
are pitfalls in interpretation, when in-plane signal
dropout can mimic thrombosis and T1 bright
thrombus can mimic flow. Also awareness of nor-
mal variations like hypoplastic/atretic sinuses or
arachnoid granulations mimicking thrombus can
help differentiate from true pathology. Contrast-
enhanced MR and CT venography can further
improve diagnostic accuracy.

9.3.12 Infections

Hemorrhage from infectious processes is rela-
tively rare. Cerebral edema disproportionate to
the size of ICH on non-contrast CT usually
indicates an underlying infective or neoplastic
process. Clinical history generally helps differen-
tiate an infective from a neoplastic process as the

reconstruction (e) shows thrombosed left transverse and
sigmoid sinus. Magnetic resonance imaging (MRI) axial
diffusion-weighted image (DWI) (f) and T2-weighted
image (T2W) (g) sequence show left temporal hemor-
rhage with surrounding vasogenic edema. Susceptibility-
weighted imaging (SWI) sequence (h) shows susceptibility
related to blood products. Axial T1 magnetization-pre-
pared rapid acquisition gradient-echo image (MPRAGE)
pre- (i) and post-contrast (j) sequence show hemorrhage
with surrounding vasogenic edema and no significant
enhancement

underlying cause. On MRI, findings which
suggest an underlying infective process include
hypointense T2 rim surrounding the lesion, lepto-
meningeal enhancement, and diffusion restric-
tion suggesting an underlying cerebral abscess,
presence of subdural empyema, or mycotic aneu-
rysm. A mycotic aneurysm is an aneurysm aris-
ing from infection of the arterial wall. Though
rare, this can result in an intraparenchymal hem-
orrhage. Intracranial bleeding, although infre-
quent, can complicate the evolution of herpes
simplex encephalitis and should be borne in mind
since its presence may require neurosurgery.
Although its presentation may overlap the
encephalitic features, the lack of improvement or
the worsening of initial symptoms, particularly
during the second week of admission, should
lead to this suspicion and to perform a neuroim-
aging study [35]. The hemorrhage is generally in
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frontal/temporal lobe, insula, and limbic system,
common sites of encephalitic involvement
(Fig. 9.13). Bacterial endocarditis and human
immunodeficiency virus (HIV) infection have
also been known to be associated with

ICH. Fungal vasculitis resulting from Aspergillus,
Candida, Coccidioides, and Mucorales species
can lead to CNS arterial invasion resulting in
cerebral infarction, aneurysm formation, throm-
bosis, and cerebral hemorrhage.
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Fig. 9.13 Right frontal lobe intraparenchymal hemor-
rhage from anterior communicating artery aneurysm rup-
ture followed by transcranial Doppler (TCD) for
vasospasm, finally resulting in right anterior cerebral
artery (ACA) distribution infarct. A 53-year-old female
found down in her car on the side of the road. Computed
tomography (CT) head (a) showed a large right frontal
intraparenchymal hemorrhage, intraventricular hemor-
rhage, hydrocephalus, and diffuse subarachnoid hemor-
rhage (SAH). CT angiogram (b) showed a 6-mm bilobed
ruptured anterior communicating artery aneurysm. This
was endovascularly coiled the next day (¢). TCD done a
day later showed normal peak (systolic) and mean flow
velocity, waveform, and direction in the anterior cerebral

9.3.13 Vasculitis and Collagen
Vascular Diseases

Cerebral vasculitis is defined as the inflamma-
tion of blood vessel walls with or without necro-
sis, leading to luminal obstruction, increased
coagulation due to effects of proinflammatory
cytokines, alteration of vascular tone, and wide
variety of neurologic manifestations. Imaging
signs of cerebral vasculitis may be direct (vessel

artery (ACA), middle cerebral artery (MCA), and poste-
rior cerebral artery (PCA). There was mild vasospasm in
bilateral A2 ACA (d) on the sixth postoperative day CT
angiogram. TCD on postoperative day 7 (e) showed mild
to moderate vasospasm in bilateral ACA and MCA. TCD
on day 11 (f) showed increased vasospasm being severe
on right side and moderate on left side. TCD on postop-
erative day 15 (g) showed improved velocities but persis-
tent mild to moderate vasospasm in bilateral ACA and
MCA. The Lindegaard ratios on right side were more
compared to left side on day 11 (f) and 15 (g). TCD done
on day 25 (h) showed Lindegaard ratios having come
down. CT done on post-operative day 25 (i) at the time of
discharge showed a right ACA territory infarct
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Fig.9.13 (continued)

wall thickening and enhancement) or indirect
(cerebral perfusion deficits, ischemic brain
lesions, intracerebral or subarachnoid hemor-
rhage, vascular stenosis, and leptomeningeal
and/or dural enhancement) [36]. MRI is the most
commonly used imaging modality in the workup
of patients with suspected cerebral vasculitis due
to high tissue contrast and different available
sequences for imaging. 3D high-resolution post-
contrast imaging gives a good visualization of
the cerebral vessel walls for diagnosis of CNS
vasculitis. Diffusion sequences depict acute
infarction, FLAIR sequences improve detection
of subarachnoid space, and white matter lesions
and SWI sequences depict microhemorrhages

better. CT is less sensitive for detection of lesions
associated with vasculitis. CT and MR perfusion
can show areas of reduced perfusion. CT and
MR angiography show vascular luminal com-
promise. DSA is the gold standard for depiction
of vascular luminal stenosis, circumferential or
eccentric vascular wall irregularities, aneurysms,
collateral flow, and isolated areas of vessel nar-
rowing or occlusion. Collagen vascular diseases
like systemic lupus erythematosus (SLE),
Sjogren’s syndrome, rheumatoid arthritis, and
scleroderma have different imaging manifesta-
tions, which are beyond the scope of discussion
here. Rarely, macro- or microhemorrhages may
be associated.
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9.3.14 Moyamoya Disease

Moyamoya (“puff of smoke” in Japanese) disease is
characterized by progressive occlusion of the termi-
nal segments of intracranial internal carotid arteries
and compensatory development of tortuous, dilated
collateral networks and impairment of the cerebro-
vascular reserve capacity [36]. Most cases are found
in East Asian countries with a bimodal age distribu-
tion, being seen in first and fourth decades. MR
imaging shows stenosis or occlusion of the distal
internal carotid arteries and the presence of moy-
amoya vessels with signal voids within the basal
ganglia and thalami, as well as ischemia and infarc-
tion. SW imaging may depict microbleeding.
Contrast-enhanced T1-weighted images show
marked leptomeningeal enhancement along the cor-
tical sulci corresponding to leptomeningeal collat-
erals as well as enhancement of moyamoya vessels.
In an institutional study of moyamoya disease, 50%
of patients were adults and 50% were of pediatric
age group. Fourteen out of 26 patients had infarcts
and 10 had hemorrhage at presentation. Of those
with ICH, 50% had ICH with intraventricular exten-
sion and 30% had primary intraventricular hemor-
rhage [37]. In moyamoya disease, increased
propensity of intraventricular hemorrhage has been
proposed to be related to prominent anterior choroi-
dal artery or posterior collateral circulation.

9.3.15 Reversible Cerebral
Vasoconstriction Syndrome
(RCVS)

The term RCVS refers to various disorders that
are characterized by brain vasoconstriction,
including Call-Fleming syndrome, postpartum
angiopathy, migrainous vasospasm, and benign
angiopathy of the CNS, among others [36]. RCVS
can be primary or secondary to vasoactive sub-
stances like cannabis, selective serotonin reuptake
inhibitors, and nasal decongestants. Transient dis-
turbance in cerebral autoregulation is the patho-
logic mechanism responsible for it. Clinically, it
is characterized by thunderclap headache, vari-
able focal neurologic deficits, and multifocal seg-
mental arterial narrowing, all of which resolve in
3 months. Major complications include brain

edema (38%), localized convexity subarachnoid
hemorrhage (22%), posterior reversible encepha-
lopathy syndrome (PRES 9-14%), and less fre-
quently ischemic or hemorrhagic stroke [38].

9.3.16 Vasoactive Drugs

MR imaging pattern in drug-induced vasculitis is
inconsistent and depends on the vessels involved.
Cocaine may lead to vasculitis, vasospasm, and
increased platelet aggregation, resulting in infarc-
tion, leukoencephalopathy, and hemorrhage [36].
Cocaine-induced cerebral hemorrhage includes
both intraparenchymal and subarachnoid hemor-
rhage. Intranasal administration results in hemor-
rhage being twice as common as ischemic stroke
[39]. Chronic cocaine dependency has been linked
to a moyamoya- like vasculitis with obstructed
vessels and extensive collateral circulation. DSA
and MRA may show vasculitis and vasospasm.
Stroke and hemorrhage are seen less frequently in
heroin users than in cocaine users. Spongiform
leukoencephalopathy is far more common in her-
oin users [39] but has been described in cocaine
users. Heroin-associated infarcts often include
globus pallidus. Vasospasm and arteritis are
described with amphetamine use resulting in isch-
emia and infarcts. MDMA (3,4 methylenedioxy-
methamphetamine), also known as ecstasy, results
in ischemia and strokes [39]. Stimulation of 5
hydroxytryptamine (SHT-2A) receptors results in
prolonged vasospasm and necrosis of the areas
with high concentration of these receptors, includ-
ing occipital cortex and globus pallidus. Cannabis
use can result in ischemic infarcts related to vaso-
spasm and vasculitis in areas of CB1 cannabinoid
receptor distribution in basal ganglia, substantia
nigra, dentate gyrus of hippocampus, limbic corti-
ces, and cerebellum [39].

9.4 Neurophysiology Tests
Including Transcranial

Doppler

Transcranial Doppler (TCD) ultrasound is a
noninvasive means of monitoring of physio-
logic hemodynamic variables. It is a portable
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technique for evaluating the intracranial vascu-
lature. Its most useful clinical application is in
the detection of vasospasm involving the cere-
bral vessels following subarachnoid hemor-
rhage due to aneurysm rupture. It has become
an integral part of monitoring and managing
patients with subarachnoid hemorrhage in the
neurologic intensive care unit. Transcranial
ultrasound originated as a “blind” nonimaging
study in which pulsed Doppler technology was
used [40]. Spectral waveforms were utilized for
identification of major intracranial vessels with
the depth of the vessel from the skull, direction
of blood flow, and orientation of transducer aid-
ing in identification of the individual vessels.
Presently, the use of gray-scale imaging, color
Doppler flow imaging, and spectral Doppler
(sometimes together referred to as Triplex
imaging) allows direct visualization of blood
vessels, simplifies flow velocity measurements,
and increases accuracy for vasospasm detec-
tion. TCD allows measurement of systolic and
diastolic velocities, allowing the calculation of
mean flow velocities (MFV) and Lindegaard
ratio, which when elevated correlate with the
severity of vasospasm. It also helps differenti-
ate vasospasm from physiologic conditions like
hyperemia and autoregulation. Radiographi-
cally, detectable vasospasm has been estimated
to occur in 50-70% of patients after aneurysm
rupture, with approximately half of those
affected manifesting signs and symptoms usu-
ally within 5-15 days after onset of hemorrhage
[41]. Medical treatment of these patients con-
sists of triple H therapy consisting of induced
hypertension, hemodilution, and hypervolemia
to increase cerebral perfusion. If this is ineffec-
tive, vasodilator can be injected intra-arterially.
Careful monitoring of patients with subarach-
noid hemorrhage is necessary to detect vaso-
spasm early before clinical manifestations of
ischemia are seen and institute prophylactic
treatment accordingly.

Institutional protocols may vary. But gener-
ally, spectral waveforms are obtained bilaterally
from the proximal, mid, and distal middle cere-
bral arteries (MCA), and single measurements
are obtained bilaterally in the visualized anterior

cerebral (ACA), posterior cerebral (PCA), and
terminal portion of the internal carotid arteries
(ICA). Generally speaking, the narrower the ves-
sel diameter and the greater the severity of vaso-
spasm, the higher is the flow velocity. Generally,
for MCA, peak systolic velocity (PSV) <200 cm/s
and MFV <120 cm/s are considered reliable pre-
dictor of absence of vasospasm. PSV of 200-
300 cm/s and MFV 120-200 cm/s indicate mild
to moderate vasospasm and PSV >300 cm/s and
MFV >200 cm/s indicate severe vasospasm [40].
For PCA, PSV >120 cm/s and MFV >85 cm/s
indicate vasospasm, while for ACA, PSV
>120 cm/s and MFV >80 cm/s are indicative of
vasospasm [40]. Increase in flow velocities can
be seen in physiologic conditions like hyperemia
and autoregulation. To correct for and distinguish
between these dynamic states, Lindegaard et al.
[42] proposed the use of a ratio derived from
MFV in the MCA to MFV in ipsilateral extracra-
nial ICA. A Lindegaard ratio of 3—-6 is indicative
of mild to moderate vasospasm and a ratio of
greater than 6 is indicative of severe vasospasm.
Elevated flow velocities with Lindegaard ratio
less than 3 are suggestive of hyperemia or another
physiologic or induced state. Serial Doppler stud-
ies (Fig. 9.13) are needed to monitor vasospasm,
as vasospasm is not immediately evident, but
manifests later, usually in first 2 weeks after
hemorrhage.

Utilizing gray scale and B-mode imaging of
triplex ultrasound, size and volume of hematoma,
presence or absence of intraventricular extension
of ICH, and midline shift can also be assessed. To
conclude, the chief benefits of TCD are non-
exposure of ionizing radiations and nephrotoxic
contrast agents, portability, and noninvasive
nature of the examination. However, the study
quality is operator dependent and can vary
according to institutional protocol. False-positive
results can lead to morbidity from unnecessary
hemodynamic augmentation or neurointerven-
tional procedures, and false-negative results can
lead to missed window of opportunity to prevent
the patient from delayed cerebral ischemia.

Vasospasm can also be assessed by CTA and
DSA. DSA has the added advantage of the ability
to administer vasodilator drugs intra-arterially
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for relief of vasospasm. Specific vessels showing
reduced luminal caliber can be identified by CTA
and DSA, commonly arteries in proximity to
SAH or ICH. Both these techniques are invasive
and require administration of contrast.

Other neurophysiological parameters that can
be monitored include measurement of intracra-
nial pressure (ICP) and mean arterial pressure
(MAP), both of which can be used to derive cere-
bral perfusion pressure (CPP). Continuous EEG
monitoring following SAH can detect increased
number of subclinical seizures and may predict
delayed cerebral ischemia many hours in advance
[43]. Other less commonly used neurophysiology
monitoring methods include near-infrared spec-
troscopy, brain tissue monitoring, and jugular
venous oxygen saturation.

Conclusions

The timely and accurate identification of hem-
orrhagic stroke is essential in the clinical man-
agement of patients presenting with acute
stroke symptoms. Besides the routine blood
tests, neuroimaging plays a key role in diagno-
sis, treatment, and prognostication of patients
with ICH. Cross-sectional imaging including
non-contrast CT is the initial investigation
modality with MRI including blood-sensitive
T2* and SWI, DWI, FLAIR, and post-contrast
T1W sequences providing additional informa-
tion to narrow down the differential diagnosis.
Vascular imaging utilizing CTA, MRA, and
DSA provides additional information about
vascular status including ruptured aneurysms,
vasculitis, and venous sinus thrombosis.
Transcranial Doppler is a noninvasive effec-
tive diagnostic tool to detect and monitor
vasospasm in patients with subarachnoid
hemorrhage due to ruptured aneurysms in crit-
ical care settings.

References

1. Smith SD, Eskey CJ. Hemorrhagic stroke. Radiol Clin
N Am. 2011;49:27-45.

2. Van Asch CJ, Luitse MJ, Rinkel GJ, et al. Incidence,
case fatality, and functional outcome of intracerebral
haemorrhage over time, according to age, sex, and

10.

13.

14.

15.

16.

17.

ethnic origin: a systematic review and meta-analysis.
Lancet Neurol. 2010;9:167-76.

. Brott T, Broderick J, Kothari R, et al. Early hemor-

rhage growth in patients with intracerebral hemor-
rhage. Stroke. 1997;28:1-5.

. Arnold DM. Bleeding complications in immune

thrombocytopenia. Hematology Am Soc Hematol
Educ Program. 2015;2015:237-42.

. Behrouz R, Hafeez S, Miller CM. Admission leu-

kocytosis admission leukocytosis in intracerebral
hemorrhage: associated factors and prognostic impli-
cations. Neurocrit Care. 2015;23:370-3.

. McEvoy AW, Kitchen ND, Thomas DG. Lesson of

the week: intracerebral hemorrhage in young adults:
the emerging importance of drug misuse. BMJ.
2000;320:1322-4.

. Martin-Schild S, Albright KC, Hallevi H, et al.

Intracerebral hemorrhage in cocaine users. Stroke.
2010;41:680-4.

. Parizel PM, Makkat S, Van Miert E, et al. Intracranial

hemorrhage: principles of CT and MRI interpretation.
Eur Radiol. 2001;11:1770-83.

. Domingues R, Rossi C, Cordonnier C. Diagnostic

evaluation for nontraumatic intracerebral hemor-
rhage. Neurol Clin. 2015;33:315-28.

Wagemans BA, Klinkenberg S, Postma AA. Teaching
neurolmages: swirl sign and spot sign in intraparen-
chymal hematoma. Neurology. 2016;87:e225-6.

. Kreel L, Kay R, Woo J, Wong HY, et al. The radio-

logical (CT) and clinical sequelae of primary intrace-
rebral haemorrhage. Br J Radiol. 1991;64:1096-100.

. Hemphill JC III, Greenberg SM, Anderson CS, et al.

Guidelines for the management of spontaneous intra-
cerebral hemorrhage: a guideline for healthcare profes-
sionals from the American Heart Association/American
Stroke Association. Stroke. 2015;46:2032-60.
Kidwell CS, Chalela JA, Saver JL, et al. Comparison
of MRI and CT for detection of acute intracerebral
hemorrhage. JAMA. 2004;292:1823-30.

Nandigram RN, Viswanathan A, Delgado P, et al. MR
imaging detection of cerebral microbleeds: effect of
susceptibility-weighted imaging, section thickness,
and field strength. AINR. 2009;30:338-43.

Wycliffe ND, Choe J, Holshouser B, et al. Reliability
in detection of hemorrhage in acute stroke by a new
three-dimensional gradient recalled echo susceptibil-
ity-weighted imaging technique compared to com-
puted tomography: a retrospective study. J Magn
Reson Imaging. 2004;20:372-7.

Wardlaw JM, Smith C, Dichgans M. Mechanisms of
sporadic cerebral small vessel disease: insights from
neuroimaging. Lancet Neurol. 2013;12:483-97.
Hakimi R, Garg A. Imaging of hemorrhagic stroke.
Continuum (Minneap Minn). 2016;22:1424-50.

. Morgenstern LB, Hemphill JC III, Anderson C,

et al. Guidelines for the management of sponta-
neous intracerebral hemorrhage: a guideline for
healthcare professionals from the American Heart
Association/American Stroke Association. Stroke.
2010;41:2108-29.



132 M. Wintermark and T. Rizvi
19. Sacco RL, Kasner SE, Broderick JP, et al. An updated ~ 31. Pasqualin A, Bazzan A, Cavazzani P, et al. Intracranial

definition of stroke for the 21st century: a statement hematomas following aneurysmal rupture: experience

for healthcare professionals from the American Heart with 309 cases. Surg Neurol. 1986;25:6—-17.

Association/American Stroke Association. Stroke. 32. Broderick JP, Brott TG, Duldner JE, et al. Initial

2013;44:2064-89. and recurrent bleeding are the major causes of
20. Qureshi AI, Tuhrim S, Broderick JP, et al. death following subarachnoid hemorrhage. Stroke.

Spontaneous intracerebral hemorrhage. N Engl J 1994;25:1342-7.

Med. 2001;344:1450-60. 33. Ferro JM, Canhao P, STam J, et al. Prognosis of cere-
21. Vinters HV. Cerebral amyloid angiopathy. A critical bral vein and dural sinus thrombosis: results of the

review. Stroke. 1987;18:311-24. international study on cerebral vein and dural sinus
22. Smith EE, Greenberg SM. Clinical diagnosis of cere- thrombosis (ISCVT). Stroke. 2004;35:664-70.

bral amyloid angiopathy: validation of the Boston cri- ~ 34. Walecki J, Mruk B, Nawrocka-Laskus E, et al.

teria. Curr Atheroscler Rep. 2003;5:260-6. Neuroimaging of cerebral venous thrombosis
23. Wolpert SM, Bruckmann H, Greenlee R, et al. (CVT)—old dilemma and the new diagnostic meth-

Neuroradiologic evaluation of patients with acute ods. Pol J Radiol. 2015;80:368-73.

stroke treated with recombinant tissue plasmino- 35. Rodriguez-Sainz A, Escalza-Cortina I, Guio-Carrion

gen activator. The rt-PA Acute Stroke Study Group. L, et al. Intracerebral hematoma complicating her-

AJNR. 1993;14:3-13. pes simplex encephalitis. Clin Neurol Neurosurg.
24. Berger C, Fiorelli M, Steiner T, et al. Hemorrhagic 2013;115:2041-5.

transformation of ischemic brain tissue: asymptom-  36. Abdel Razek AA, Alvarez H, Bagg S, et al. Imaging

atic or symptomatic? Stroke. 2001;32:1330-5. spectrum of CNS vasculitis. Radiographics.
25. Stapf C, Mast H, Sciacca RR, et al. Predictors of hem- 2014;34:873-94.

orrhage in patients with untreated brain arteriovenous ~ 37. Srivastava T, Sannegowda RB, Mittal RS, et al. An

malformation. Neurology. 2006;66:1350-5. institutional experience of 26 patients with Moyamoya
26. Le TT, Fischbein NJ, Andre JB, et al. Identification disease: a study from Northwest India. Ann Indian

of venous signal on arterial spin labeling improves Acad Neurol. 2014;17:182-6.

diagnosis of dural arteriovenous fistulas and small ~ 38. Ducros A. Reversible cerebral vasoconstriction syn-

arteriovenous  malformations. AJNR. 2012;33: drome. Lancet Neurol. 2012;11:906-17.

61-8. 39. Tamrazi B, Almast J. Your brain on drugs: imaging
27. Gupta A, Periakaruppan A. Intracranial dural arterio- of drug-related changes in the central nervous system.

venous fistulas: a review. Indian J Radiol Imaging. Radiographics. 2012;32:701-19.

2009;19:43-8. 40. Kirsch JD, Mathur M, Johnson MH, et al. Advances
28. Kondziolka D, Lunsford LD, Kestle JR. The natu- in transcranial Doppler US: imaging ahead.

ral history of cerebral cavernous malformations. J Radiographics. 2013;33:E1-E14.

Neurosurg. 1995;83:820-4. 41. Keyrouz SG, Diringer MN. Clinical review: preven-
29. deSouza JM, Domingues RC, Cruz LC Jr, et al. tion and therapy of vasospasm in subarachnoid hem-

Susceptibility-weighted imaging for the evaluation orrhage. Crit Care. 2007;11:220.

of patients with familial cerebral cavernous malfor- 42. Lindegaard KF, Nornes H, Bakke SJ, et al. Cerebral

mations: a comparison with T2-weighted fast spin- vasospasm diagnosis by means of angiography

echo and gradient-echo sequences. AJNR. 2008;29: and blood velocity measurements. Acta Neurochir.

154-8. 1989;100:12-24.
30. Rammos SK, Maina R, Lanzino G. Developmental ~43. Kondziella D, Friberg CK, Wellwood I, et al.

venous anomalies: current concepts and implica-
tions for management. Neurosurgery. 2009;65:
20-9.

Continuous EEG monitoring in aneurysmal subarach-
noid hemorrhage: a systematic review. Neurocrit
Care. 2015;22:450-61.



®

Check for
updates

Medical Management

10

of Hemorrhagic Stroke

Jeong-Ho Hong

10.1 Identification of Risk Factors
and Outcome in the Acute

Stage of Hemorrhagic Stroke

10.1.1 Early Assessment for Risk
Factors

Identification of risk factors that can or cannot be
modified is a crucial step in acute hemorrhage
stroke. Spontaneous intracerebral hemorrhage
(ICH) and aneurysmal subarachnoid hemorrhage
(SAH) as two common subcategories of hemor-
rhagic strokes will be mainly discussed in this
chapter. Fifty to seventy percent of patients with
spontaneous ICH have a history of hypertension,
and hypertensive vasculopathy is the most com-
mon etiology of spontaneous ICH. Cerebral
amyloid angiopathy (CAA) in that amyloid pro-
tein deposits within the small- to medium-sized
cerebral vessels and leptomeninges is an impor-
tant cause of primary lobar ICH in the elderly. It
is closely related to the presence of cerebral
microbleeds (CMBs) reflecting cerebral-
hemorrhage-prone status [1]. History of genetic
risk and genetic test also helps with initial
assessment and treatment. Patients carrying the
apolipoprotein E (APOE) €2 or €4 alleles appear
to be at important risk for CAA-related ICH.
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Methylenetetrahydrofolate reductase (MTHFR)
polymorphism is not uncommon but an impor-
tant genetic defect of spontaneous ICH. Bleeding
diatheses like hematological malignancy and use
of antiplatelet agents, anticoagulants like vita-
min K antagonist (VKA, e.g., warfarin), and
recently introduced non-vitamin K antagonists,
so-called new oral anticoagulants (NOAC),
increase the risk of ICH. Based on this, a careful
history taking and laboratory tests including
coagulation profiles should be done.

Rapid neuroimaging, in particular CT of the
brain, is an essential tool for diagnosis, manage-
ment, and follow-up of ICH and SAH patients. It
accurately documents the size and location of
the hematoma, the presence and extent of mass
effect, and the presence of intraventricular hem-
orrhage (IVH) and hydrocephalus. Cerebral
aneurysms and vascular malformations such as
arteriovenous malformation, venous angioma,
cavernous hemangioma, etc. are the underlying
pathological conditions associated with hemor-
rhagic stroke. Vascular imaging using contrast
CT angiography or MR angiography of the intra-
cranial arteries are useful screening tools for
this. In particular, the CT angiography can evalu-
ate the size, shape, neck, and count of aneurysm
in the SAH patients. It is necessary to confirm
the presence of cerebral aneurysm by transfemo-
ral cerebral angiography as gold standard diag-
nostic tool even if the initial CT angiography is
negative [2].

133

S.-H. Lee (ed.), Stroke Revisited: Hemorrhagic Stroke, Stroke Revisited,

https://doi.org/10.1007/978-981-10-1427-7_10


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-10-1427-7_10&domain=pdf

134

J.-H.Hong

Fig 10.1 Spot sign. Baseline non-contrast computed
tomography (CT) (a) and CT angiography (b). Contrast
extravasation (arrow), so-called spot sign, seen in the

The presence of contrast within the hema-
toma, called a “spot sign,” links closely to ICH
expansion, clinical deterioration, and poor out-
comes (Fig. 10.1) [3]. Emergency follow-up CT
scanning is often required to identify the rapid
enlargement of hematoma when there is a
change in clinical signs or state of alertness in
order to monitor changes in the size of the lesion
and ventricular system and to detect shifts.
Secondary hematoma expansion occurs about
one third of spontaneous ICH within 24 h of
onset [4]. Spot sign score calculated by number
of the spot sign (>3 vs. 1-2), maximum axial
dimension (>5 mm vs. 1-4 mm), and maximum
attenuation (of Hounsfield units >180 vs. 120—
179) is one of the strongest factors for signifi-
cant hematoma expansion in spontaneous ICH
(Table 10.1) [5].

Table 10.1 Spot sign score

Criteria
No. of spot signs 1-2
>3
Maximum axial dimension (mm) 14
25
Maximum attenuation (HU) 120-179
>180

Reproduced by permission of Stroke [5]
HU Hounsfield units, Pts Points, SSS Spot sign score

hematoma of a patient with acute intracerebral hemor-
rhage is shown on only CT angiography

10.1.2 Disease Severity and Outcome
Prediction

Baseline severity score and initial outcome pre-
diction based on clinical and radiological find-
ings are very important and should be performed
because they help physicians to determine the
major pathways of treatment. Prognostic model
for predicting 30-day mortality among patients
with spontaneous ICH is the ICH score allocated
points for Glasgow Coma Scale score, ICH vol-
ume, presence of intraventricular hemorrhage,
age, and infratentorial lesion. It is well validated
externally and used widely. Table 10.2 shows
detailed ICH score and each mortality [6].

The Fisher grade is the most widely used
index of vasospasm risk of SAH. However, some
limitations have been raised: lower incidence of

Pts SSS Risk of hematoma expansion (%)
1 0 2%

- 1 33%

(1) 2 50%

0 3 94%

1 4 100%
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Table 10.2 ICH score

Criteria Pts
GCS 34 2
5-12 1
13-15 0
ICH volume >30 cm’ 1
<30 cm? 0
IVH Yes 1
No 0
Location Infratentorial 1
Supratentorial 0
Age >80 years 1
<80 years 0

Reproduced by permission of Stroke [6]

ICH score Mortality
0 0%

1 13%

2 26%

3 72%

4 97%

5 100%

6 100%

GCS Glasgow Coma Scale, ICH intracranial hemorrhage, /VH intraventricular hemorrhage, Pts Points

Table 10.3 Fisher scale and modified Fisher scale of subarachnoid hemorrhage

Fisher scale

1 Focal thin SAH

2 Diffuse thin SAH

3 Thick SAH present

4 Focal or diffuse thin SAH, with ICH or IVH
Modified Fisher scale

1 Focal or diffuse thin SAH, no IVH

2 Focal or diffuse thin SAH, with IVH

3 Thick SAH present, no IVH

4 Thick SAH present, with IVH

Reproduced by permission of Neurosurgery [8]

vasospasm in the group 4 than group 3, low
correlation between each grade and the incidence
of symptomatic vasospasm, and inevitable inter-
personal variability in assessing the estimated
blood volume. To make up for this, the scale was
modified, called the modified Fisher scale (mFS),
by Claassen et al. The mFS emphasizes the pres-
ence or absence of IVH because IVH increases the
risk of symptomatic vasospasm (Table 10.3) [7, 8].

In terms of the severity of SAH, Hunt and
Hess grade and the World Federation of
Neurological Surgeons (WFNS) grade are the
two most commonly used. WENS grade incorpo-
rates the Glasgow Coma Scale for level of con-
sciousness and presence of focal neurological
deficits to determine disease severity and to pre-
dict outcomes. The presence or absence of a focal
neurological deficit defined as either aphasia and/
or motor deficit is the criterion for dividing the
classifications into grade 2 and 3 (Table 10.4) [9].

% Within grade with

% Classified to grade symptomatic vasospasm

8.1 21
10.9 25
67.7 37
133 31
21.6 24
10.8 33
339 33
33.7 40

Table 10.4 World Federation of Neurosurgical Societies
grading scale

Grade Criteria

I GCS 15, no focal deficit

I GCS 13-14, without focal deficit

1II GCS 13-14 with focal neurological deficit
v GCS 7-12, with or without deficit

A% GCS <7, with or without deficit

Reproduced by permission of Journal of Neurology,
Neurosurgery, and Psychiatry [9]

Hunt and Hess grade was originally intended as
an index of surgical risk in patients with intracra-
nial aneurysm [10]. A higher grade predicts a poor
clinical outcome and lower likelihood of survival.
Although this is also one of the most popular grad-
ing systems to categorize the severity of SAH, it
has been criticized for poor interobserver reliabil-
ity and reproducibility and challenging to differen-
tiate between grades 1 and 2. The intensity of
headache is subjective and arbitrary: mild head-
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ache for grade 1 vs. moderate to severe headache
for grade 2 (Table 10.5). While the ICH score,
Hunt and Hess grade, and WFNS grade demon-
strate the severity of the disease, it does not directly
affect treatment modalities.

10.2 General Medical
Management
in Intracerebral Hemorrhage

Initially, patients with hemorrhagic stroke should

be monitored after diagnosis and taken care of in
an intensive care unit or dedicated stroke unit with

Table 10.5 Hunt and Hess grade

Grade Criteria Mortality (%)

1 Asymptomatic or mild 0-5
headache and slight nuchal
rigidity

I Severe headache, stiff neck, no 2-10
neurological deficit except
cranial nerve palsy

III Drowsy or confused, mild focal 10-15
neurological deficit

v Stuporous, moderate or severe ~ 60-70
hemiparesis

\Y% Coma, decerebrate posturing 70-100

Reproduced by permission of Journal of Neurosurgery [10]

skilled physicians and trained nurses because early
neurologic deterioration can often occur within the
first 1 or 2 days after onset. Some data showed that
the patients admitted to a specialized neuroscience
intensive care unit (ICU) showed reduced mortal-
ity compared to those admitted to the general
ICU. These units should furnish the monitoring of
blood pressure (BP), heart rate, electrocardio-
graph, oxygen saturation, and body temperature.
The increased intracranial pressure (ICP), cerebral
perfusion pressure (CPP), and continuous intra-
arterial BP can be also monitored.

10.2.1 Reversal of Anticoagulation

First of all, antithrombotics should be discontin-
ued immediately after the onset of hemorrhage in
ICH patients, and appropriate agents for reversal
of anticoagulant effect should be considered to
restrict hematoma expansion and rebleeding
(Table 10.6). For patients without antithrombotic-
associated ICH, the use of recombinant activated
factor VII (rFVIla) limits hematoma expansion.
Howeyver, there was an increase in arterial throm-
boembolic risk with no clear clinical benefit [11].
Hence, the use of rFVIIa is not recommended in
noncoagulopathic ICH.

Table 10.6 Guideline for reversal of antithrombotics in intracranial hemorrhage

Antithrombotics Reversal agent

Vitamin K antagonists

If INR >1.4: Vit. K 10 mg IV, plus three- or four-factor PCC IV or fresh

frozen plasma 10-15 mL/kg IV if PCC not available

Direct factor Xa inhibitors

Activated charcoal (50 g) within 2 h of ingestion

Activated PCC 50 units/kg IV or four-factor PCC 50 units/kg IV
Consider andexanet alfa or aripazine (approval pending)

Direct thrombin inhibitors

Activated charcoal (50 g) within 2 h of ingestion

Idarucizumab 5 g IV
Consider idarucizumab redosing for refractory bleeding after initial

administration
Unfractionated heparin

Protamine 1 mg IV for every 100 units of heparin administered in the

previous 2-3 h (up to 50 mg in a single dose)

LMWHs (enoxaparin)
a single dose)

Dosed within 8 h: Protamine 1 mg IV per 1 mg enoxaparin (up to 50 mg in

Dosed within 8-12 h: Protamine 0.5 mg IV per 1 mg enoxaparin (up to
50 mg in a single dose)

Antiplatelet agents

Desmopressin 0.3-0.4 pg/kg IV

If neurosurgical intervention: Platelet transfusion

Reproduced by permission of Neurocritical Care [14]

PCC prothrombin complex concentrates, LMWH low-molecular-weight heparin, rFVIla recombinant factor VIla
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10.2.1.1 Antiplatelet-Associated
Intracerebral Hemorrhage

The effects of antiplatelet drugs on the outcome of
ICH are uncertain because some of the research
results were conflicting each other. Even the useful-
ness of platelet transfusions in ICH patients with a
history of antiplatelet use still remains unproven.
Subgroup analysis of one randomized trial demon-
strated platelet transfusion was associated with the
decrease rate of postoperative hemorrhage recur-
rence, disability and mortality, and less postopera-
tive hematoma volume in aspirin-sensitive patients
with acute basal ganglia ICH undergoing craniot-
omy and hematoma evacuation [12]. Most recently,
however, the results of PATCH (platelet transfusion
in cerebral hemorrhage) trial, which was the first
randomized trials to compare the effects of platelet
transfusion with standard care in acute antiplatelet
medication-related ICH, were reported. PATCH
investigators do not recommend platelet transfusion
for patients with antiplatelet-associated ICH
because of the results on higher rate of serious
adverse events and poor clinical outcomes [13].
One clinical trial on the effectiveness of platelet
transfusion in patients with ICH is ongoing.
Guidelines from neurocritical care society pub-
lished in 2016 suggest consideration of desmopres-
sin 0.4 pg/kg IV administration for reversal of
antiplatelet agents in ICH associate with antiplatelet
[14]. Desmopressin, an analog of vasopressin, stim-
ulates the release of von Willebrand factor from
endothelial cell and increases the endothelial release
of factor VIII and platelet membrane glycoprotein
expression, thereby promoting platelet adhesion to
the endothelium. However, this recommendation is
a low-quality evidence.

10.2.1.2 Anticoagulant-Associated
Intracerebral Hemorrhage
With an aging population and an increasing preva-
lence of atrial fibrillation, VKA and NOAC use has
increased. Overall, intraparenchymal hemorrhage
occurs in 0.3—1.1% of patients on vitamin K antago-
nist therapy. Patients with VKA-associated ICH are
more likely to die than other ICH patients because
of more hemorrhage expansion. Immediate discon-
tinuation of VKA and urgent reversal should be
warranted in ICH patients with an elevated interna-

tional normalized ratio (INR) due to administration
of VKA. Although agents for reversal of VKA
including vitamin K, fresh frozen plasma (FFP),
prothrombin complex concentrates (PCC), and
rFVIIa can reduce the INR, their efficacy, safety,
and timeliness differ. Intravenous administration of
vitamin K 5-10 mg should be initiated in the first
hour of symptom onset. Intravenous administration
of vitamin K is more effective to reverse INR level
than oral and subcutaneous one. Anaphylactic
shock is one of the important adverse effects with
intravenous administration, and the slow infusion
rate can reduce the risk. However, there is no high-
quality evidence on efficacy of vitamin K mono-
therapy. Onset of action begins by 2 h and maximal
effect is shown in the first 24 h after given. The INR
reduction <1.4 may take up to 24 h. On the other
hand, most hematoma expansion occurs in the first
hour after onset. For these reasons, vitamin K
monotherapy is insufficient for preventing hema-
toma growth in the acute phase of ICH, and other
rapid reversal agents are coadministrated with vita-
min K intravenously.

Theoretically, FFP can reverse the effects of
VKA because FFP includes all of the coagulation
factors. Several studies reported the utility of FFP to
normalize the INR after VK A-related ICH. However,
the evidence supporting its use in VKA-related ICH
is originated by small cohort studies. FFP mono-
therapy is also problematic because the degree of
normalization relies on the initial INR and the dose
of FFP administered. Volume overload may cause
pulmonary edema and heart failure. Additionally,
FFP leads to a durable reversal of anticoagulant
activity as vitamin K. One clinical trial showed that
no patient had an INR <1.4 within 1 h of initiation
of FFP administration.

PCCs are another option to reverse to nor-
malize the level of the INR after ICH caused by
VKA. All PCCs contain variable coagulation
factors such as factors II, IX, and X, and the
inclusion of factor VII distinguished three-fac-
tor PCCs from four-factor PCCs. Many studies
observed the strength of PCC: fast preparation
because of no need for cross matching, rapid
INR reversal, and small volume. The results of
some randomized clinical trials on effectiveness
of PCC compared to FFP in VKA-related ICH
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demonstrated faster INR reversal, less hema-
toma expansion, less complication leading from
volume overload, and better functional out-
come. Thromboembolic events were similar
between PPC and FFP groups. In one random-
ized trial comparing FFP monotherapy and
combination of PCC and FFP, FFP alone devel-
oped higher volume overload-related complica-
tions. A multicenter retrospective study reported
combination of PCC and FFP may be associated
with lower mortality compared to FFP mono-
therapy or even PCC monotherapy. While
rFVIIa leads to rapid INR reversal similar to
that of PCC, it has quite high rate of thrombo-
embolic complications. Therefore, the use of
rFVIIa alone is not recommended in VKA-
associated ICH.

In summary of treatment for VKA-related
ICH, the first step is to quit the antithrombotics.
The second step is the administration of intrave-
nous vitamin K plus PCC immediately. Rapid
INR normalization for PCCs and reversal dura-
bility for vitamin K complement each other. If
PCCs are not available or contraindicated, FFP
might be considered as alternatives.

NOAC:S are increasingly used as alternatives
to VKA therapy. While there is less clinical
experience with reversal of NOAC-related ICH,
a number of measures have been suggested to
guide treatment in the setting of hemorrhagic
complications. In the literature reviews, the
incidence of ICH caused to VKA is less then
NOAC and outcome of NOAC-associated ICH
appears favorable compared to VKA, but bleed-
ing complications always can be life-threaten-
ing. For treatment of NOAC-related ICH,
discontinuation is the first step too, because of
short elimination half-lives. Recently, a specific
antidote (idarucizumab) for direct thrombin
inhibitor (dabigatran) is available but not for
direct factor Xa inhibitors (rivaroxaban, apixa-
ban, edoxaban, and betrixaban). Oral active
charcoal can be considerable if the last NOAC
dose was taken in the previous few hours.
Hemodialysis is recommended as an option
for dabigatran. There is no recommendation
because of the lacking data regarding other spe-
cific reversal agents for NOACs.

10.2.2 General Medical Care
10.2.2.1 Fever and Temperature

Control

Fever after ICH is not uncommon, especially in
patients with IVH. Fever is correlated with hema-
toma growth and neurologically worsening, and
the duration of fever is related to clinical outcome
in ICH patients. These results provide an ade-
quate rationale for treatment of fever in ICH
patients. However, therapeutic normothermia has
not been clearly demonstrated as clinical bene-
fits. With respect to hypothermia in ICH patients,
two preliminary data demonstrated that therapeu-
tic hypothermia reduced perihemorrhagic
edema after large supratentorial ICH [15, 16].
Therapeutic hypothermia has not been suffi-
ciently studied in ICH patients and has yet to be
given high level of evidence. Two clinical trials
on the therapeutic hypothermia in ICH patients
are ongoing: cooling in intracerebral hemorrhage
(CINCH) and targeted temperature management
after intracerebral hemorrhage (TTM-ICH).
Considering these data, the control of fever is
reasonable, and therapeutic hypothermia should
be considered investigational to prevent second-
ary brain injury for ICH patients.

10.2.2.2 Seizure

The frequency of seizures depends on the dura-
tion of monitoring and presence of cortical
involvement. Some studies demonstrated that
early symptomatic seizures within 7 days of ICH
onset account for 10-15%, increasing to 31%
when subclinical seizures using continuous elec-
troencephalographic monitoring are considered
[17]. Although the association between electro-
graphic seizures and clinical outcome remains
unclear, both clinical seizure and electrographic
seizures in patients with decreased conscious-
ness should be treated with antiepileptic drug to
prevent seizure recurrence. In terms of prophy-
lactic treatment, guidelines from the American
Heart Association/American Stroke Association
(AHA/ASA) and European Stroke Organization
(ESO) recommend against routinely administra-
tion for seizure prophylaxis in acute ICH because
it can increase the rate of death and disability
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with no difference regarding the overall inci-
dence of seizures.

10.2.2.3 Glucose Management

Many data demonstrate hyperglycemia and hypo-
glycemia after ICH is related with poor out-
comes, independent of the presence of diabetes
mellitus. However, the optimal management of
hyperglycemia in ICH and the exact target level
of glucose remains unclear because of limited
information regarding ICH-specific issues related
to glucose treatment. One randomized trial
regarding intensive (81-108 mg/dL) versus con-
ventional glucose control (<180 mg/dL) in criti-
cally ill patients, even not ICH patients, reported
intensive group increased the risk of mortality at
3 months with significant high rate of severe
hypoglycemia compared to conventional group
[18]. This is in concordance with result of other
study recruited patients with traumatic brain
injury [19]. Thus, both hyperglycemia and hypo-
glycemia should be avoided, and close monitor-
ing of glucose levels is necessary.

10.2.2.4 Prophylaxis and Treatment
of Venous
Thromboembolism

Patients with ICH are at high risk for venous
thromboembolism: deep venous thrombosis
(DVT) and pulmonary thrombosis. In particular,
women and blacks may be at greater risk. The
CLOTS (Clots in Legs Or sTockings after Stroke)
trials 1, 2, and 3, regarding assessing the effec-
tiveness among different treatments (elastic
stocking alone vs. none, thigh-high graduated
compression stockings vs. calf-high stockings,
and intermittent pneumatic compression (IPC)
vs. none) indicated that early IPC in immobile
patients with ICH reduced the occurrence of
proximal DVT, while graduated compression
stockings were ineffective [20-23]. Net benefit
and risk of anticoagulants for thromboprophy-
laxis remains unclear. A meta-analysis compar-
ing  anticoagulants  (low-molecular-weight
heparin, low-dose subcutaneous unfractionated
heparin or heparinoids) with treatments other
than anticoagulants (elastic stockings, IPC, or
placebo) indicated early anticoagulation is related

with a significant reduction in pulmonary embo-
lism, nonsignificant reduction in death and DVT,
and nonsignificant increase in hematoma expan-
sion [24]. Based on these results, IPC should be
applied for prevention of thromboprophylaxis in
patients with acute ICH. The caution should be
given to intervene pharmacological drugs for
venous thromboembolism. However, guidelines
from AHA/ASA have recommended that after
documentation of cessation of bleeding, low-
molecular-weight heparin or low-dose subcuta-
neous unfractionated heparin may be considered
for prevention of venous thromboembolism in
immobile patients after 1-4 days from onset.

In terms of optimal treatment for acute ICH
patients presenting with venous thromboembo-
lism, there are insufficient high-quality data. One
study estimated the risk of fatal pulmonary embo-
lism in acute ICH patients to be about 25% for
those who were untreated for DVT or nonfatal
pulmonary embolism, which risk is too high to
deny treatment for VTE to patients with an acute
ICH. On the other hand, VTE are most likely to
occur after the period of highest risk of hematoma
enlargement, and the risks of worsening of an
ICH with anticoagulation therapy during this
period are fully unknown. Based on the estimates
studied about these concerns, which have not
been confirmed by clinical studies, the risk of
recurrent ICH during anticoagulation appears to
be substantially less than that of a fatal pulmonary
embolism in an acute/subacute ICH patients pre-
senting with VTE. Withholding anticoagulation
with serial monitoring to detect extension of the
thrombosis proximally is reasonable for ICH
patients who have isolated distal DVT located
below the knee. Inferior vena cava (IVC) filters
are not routinely inserted in ICH patients with
symptomatic DVT or pulmonary embolism
although guidelines from AHA/ASA suggest that
IVC filter placement is probably indicated in ICH
patients with symptomatic DVT or pulmonary
embolism in this setting. Physicians should be
cautioned with regard to the high rate of long-
term complications as placing the IVC filter. The
efficacy of IVC filter placement in patients with
symptomatic DVT is still unknown. Consequently,
treatment with anticoagulants for symptomatic
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DVT and pulmonary embolism is considered in
selected ICH patients with favorable benefit-to-
risk, depending on time from ICH onset, hema-
toma stability, site and size of hemorrhage, cause
of ICH, and overall patient condition. However,
IVC filter placement can be considered as antico-
agulation therapy is contraindicated.

10.3 Blood Pressure Management
in Intracerebral Hemorrhage

10.3.1 The Key Point to Debate
About BP Management
During the Acute Stage
of Intracerebral Hemorrhage

BP is often elevated in patients with acute
ICH. BP monitoring and treatment is a critical
issue. The target goal of BP in the acute stage
has continued to stir up controversy. Despite
possible beneficial effect on decreased risk of
rebleeding and hematoma expansion, the reduc-
tion of BP in the acute phage of ICH might be a
double-edged sword because of the potential
risk of exacerbating tissue ischemia at the hypo-
perfused penumbra zone in the perihematomal
area, leading to neurologic worsening. However,
studies addressing the effect of BP lowering on
regional cerebral blood flow (CBF) and isch-
emic insults have also found conflicting results.
Some studies showed that cerebral ischemia on
diffusion-weighted imaging occurred in one
third of patients with ICH, which was related
with early reduction in mean arterial pres-
sure [25, 26]. On the other hand, the Intracerebral
Hemorrhage Acutely Decreasing Arterial
Pressure Trial (ICH ADAPT) investigators dem-
onstrated that rapid BP lowering after acute ICH
did not reduce relative CBF in the perihemato-
mal region [27].

Many patients with ICH have a chronic hyper-
tension, and their brain autoregulation is shifted
to the right. That means hypertensive ICH
patients can be at risk of hypoperfusion for toler-
able levels of MAP in normotensive ICH patients.

Based on this, previous guidelines from the
European Stroke Initiative (2006) suggested indi-
vidual BP target according to history of chronic
hypertension: target BP of 170/100 mmHg or
MAP of 125 mmHg for ICH patients with prior
hypertension and target BP of 150/90 mmHg or
MAP of 110 mmHg for ICH patients without
known hypertension. Additionally, they did not
recommend the routine BP lowering and also
suggested starting time to lower BP individually.
Systolic BP of 180 mmHg and diastolic BP of
105 mmHg for hypertensive ICH patients and
160/95 mmHg for non-hypertensive ICH patients
were recommended as an upper limit.

The other concern we should be considered
is CPP. Based on the classic formula as
CPP = MAP — ICP, raising MAP raises CPP and
raising ICP lowers CPP. In this sense, every
increased ICP can cause a change in brain tissue
perfusion in hemorrhagic stroke. Rising ICP and
declining CPP are associated with mortality.
Recent guidelines from AHA/ASA recommend
that a CPP of 50-70 mmHg may be reasonable to
maintain depending on the status of cerebral
autoregulation. However, this recommendation is
based upon traumatic brain injury because of
limited data regarding ICP and CPP in ICH.

10.3.2 Safety of Intensive BP
Reduction in the Early Phase
of Intracerebral Hemorrhage

These recommendations were before the results
of the ongoing trials were published. One sys-
tematic review including 32 studies and 10,892
patients showed the positive correlation between
high BP and the rate of increased disability and
mortality [28] and formed the basis for 2 pilot
trials: the Intensive Blood Pressure Reduction in
Acute Cerebral Hemorrhage (INTERACT)-1
trial in 2008 and the Antihypertensive Treatment
of Acute Cerebral Hemorrhage (ATACH)-1 trial
in 2010. INTERACT-1 trials randomly assigned
404 ICH patients within 6 h of onset to either
intensive BP lowering (target systolic BP
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<140 mmHg within 1 h) or the earlier AHA/ASA
guideline-based management (target systolic BP
<180 mmHg) to investigate proportional change
in the hematoma volume at 24 h in 2 different
groups. The results of INTERACT-1 trial found
early reduction of systolic BP to less than
140 mmHg to be safe [29].

The ATACH-1 trial was conducted to deter-
mine the safety and feasibility of reducing BP in
the acute phase of ICH [30]. The patients with
ICH within 6 h of symptom onset, systolic BP
>170 mmHg, and hematoma volume <60 cc
were assigned to three tiers, 170-200 mmHg,
140-170 mmHg, and 110-140 mmHg, accord-
ing to the systolic BP-lowering goals. The inves-
tigators found no significant relationship
between systolic BP and any of the outcomes
(hematoma expansion, perihematomal edema,
and 3-month functional outcome). These two
pilot trials failed to show efficacy of rapidly
intensive BP reduction. However, results of two
pilot trials provided an important proof of con-
cept for early intensive BP lowering in patients
with acute ICH.

10.3.3 Efficacy of Intensive BP
Reduction in the Early Phase
of Intracerebral Hemorrhage

Following the promising data supporting safety
from two pilot trials, two landmark clinical trials
were performed to evaluate the efficacy of inten-
sive BP reduction in patients with acute ICH. In
2013, the results of the INTERACT-2 trials enroll-
ing 2839 patients were published [31]. Subjects
with a systolic BP between 150 and 220 mmHg
within 6 h of the ICH onset were randomly
assigned to either intensive treatment to lower BP
to a target systolic BP of <140 mmHg within 1 h
or guideline-based treatment of systolic BP
<180 mmHg. Intensive BP lowering demon-
strated a trend (P = 0.06) to association with pri-
mary outcome defined as modified Rankin scale
score of 3—6, but the relationship did no achieve
statistical significance. However, a predefined

ordinal analysis of a modified Rankin score as
secondary outcomes showed a 13% improvement
in the modified Rankin score with intensive treat-
ment group (P = 0.04). Nonfatal serious adverse
events and mortality were similar in the two treat-
ment groups. The difference in hematoma growth
between groups was also not significant.

Recently, the results of another randomized
clinical study, the ATACH-2 trial, were reported
[32]. The study compared treating the systolic
BP <140 mmHg versus <180 mmHg in 1000
patients with ICH within 4.5 h of onset, systolic
BP >180 mmHg, and hematoma volume <60 cc.
Single agent as intravenous nicardipine was
used in this trial, while multiple agents depend-
ing on physician’s discretion were administrated
in the INTERACT-2 trial. The study results
demonstrated no difference in the rate of death
or disability as a score of 4—6 on the modified
Rankin scale at 3 months between the two
groups. In the intensive BP reduction group,
there was a trend, though not significant, toward
a lower rate of hematoma growth (19% versus
24%, P = 0.09).

Current guidelines indicated that rapidly
lowering of systolic BP to 140 mmHg is safe in
ICH patients presenting with systolic BP of
150-200 mmHg and can be effective for improv-
ing functional outcomes.

10.4 General Medical
Management in Aneurysmal
Subarachnoid Hemorrhage

Good outcome in aneurysmal SAH is closely
related with treatment volume and availability of
endovascular treatment and neurointensive care
services. Low-volume centers should consider
early transfer to high-volume centers. Patients with
aneurysmal SAH should be admitted to an inten-
sive care unit for hemodynamic and neurologic
monitoring. Neurologic deteriorations occurred in
about one third of patients within the first day. Life-
threatening medical complication is 40%.
Especially, pulmonary edema and cardiac arrhyth-
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mias complicate 23% and 35%, respectively.
Nearly half of pulmonary complications occurred
on days 3—4, and the peak occurrence rate of car-
diac arrhythmias occurred on days 2—3 [33]. Hence,
chest X-ray, troponin levels, and ECG should be
checked regularly. Cardiopulmonary complica-
tions and management will be discussed later in
this chapter. Absolute bed rest, sufficient analgesics
to relieve pain, and avoidance of stimulus maneu-
vers are also recommended.

The initial care of aneurysmal SAH should
include prevention and management of rebleed-
ing, increased ICP, vasospasm, and hydroceph-
alus. Rebleeding after aneurysmal SAH is
highly associated with increased mortality and
poor functional outcome. The risk of rebleed-
ing is 4—14% within the first 24 h, and of these,
more than one third of rebleeding occurs within
the first 3 h of symptom onset [34]. Although
there are few studies, antithrombotics should be
discontinued after SAH, and appropriate rever-
sal agents should be considered until the aneu-
rysm is definitively repaired by interventions.
The early surgical clipping or endovascular
coiling for the ruptured aneurysm should be
performed to prevent the rebleeding after aneu-

rysmal SAH. In addition to the late procedure,
one of the risk factors associated with early
rebleeding is systolic BP >160 mmHg [35]. The
revised guidelines from the AHA/ASA indi-
cated that the goal of systolic BP should be less
than 160 mmHg until the surgical or endovas-
cular procedure is performed. Figure 10.2
shows the summary of management for sub-
arachnoid hemorrhage.

10.4.1 Management and Monitoring
of Cerebral Vasospasm

Cerebral vasospasm and its associated delayed
cerebral ischemia (DCI) are not uncommon in
aneurysmal SAH. It most frequently occurs
between post-bleeding day 4 and day 14 and often
results in significant morbidity and mortality.
Patients should be closely monitored using tran-
scranial Doppler (TCD) and continuous electro-
encephalography (cEEG) during these periods.
TCD is widely used for diagnosis and moni-
toring of cerebral vasospasm after SAH.
Lindegaard ratio (LR) is defined as mean flow
velocity (MFV) in the middle cerebral artery

Aneurysmal SAH

ICP control and neurocritical care

v \

Rebleeding

Hydrocephalus

.

Prevention

v

;

Symptomatic

vasospasm

v

Early aneurysm closure
(surgical clipping or
endovascular coiling)

¢ SBP <160 mmHg

¢ Oral nimodipine
¢ Maintenance of
euvolemia

¢ External ventricular
drain

* Maintenance of
euvolemia and
induced hypertension
with vasopressor
agents

¢ Cerebral angioplasty
and/or |A vasodilator
therapy

Fig 10.2 Summary of management for subarachnoid hemorrhage. SAH subarachnoid hemorrhage, /CP intracranial

pressure, SBP systolic blood pressure, /A intra-arterial
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(MCA)/MFV in the extracranial internal carotid
artery (ICA). High MFV in the MCA (>120 cm/s)
may be due to hyperemia or vasospasm. At this
time, the LR helps differentiation between hyper-
emia and vasospasm. As MFV in the MCA rises
up suddenly, the LR less than 3.0 means hyper-
emia and the value higher than 3.0 may indicate
hyperemia, and when the value is higher than 6.0,
vasospasm is almost always present. However,
the criticisms regarding the low correlation
between high MVF and high LR and exact cutoff
points remain still. Although daily TCD testing
might help to detect vasospasm with a trend, the
role of TCD as a real-time detection tool has been
criticized for its poor temporal resolution. Other
criticisms are that TCD can be very limited in
patients with poor acoustic windows, ranging to
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Fig. 10.3 Continuous electroencephalogram (EEG).
Continuous EEG data from two bipolar channels in the
bilateral fronto-central (F3-C3, F4-C4) and centro-parietal
(C3-P3, C4-P4) regions showing progressive decrement of
the alpha-delta ratio after 10 a.m. on the left hemisphere
with more prominence on the centro-parietal than fronto-
central region, and an increase of alpha-delta ratio after

10-20%, and is also not useful to detect vaso-
spasm in more distal branches.

One of the important goals in the management
of SAH is to predict and forestall secondary brain
injury timely. cEEG severs this purpose well.
Alpha/delta ratio (ADR) is the strongest indicator
associated with DCI, and clinical cutoffs were
defined as six consecutive clips with less than
10% decrease in ADR from baseline and any
single clip with less than 50% (Fig. 10.3) [36].
Brain symmetry index using specific processing
software is the other useful index. cEEG is also
helpful in detecting vasospasm and nonconvul-
sive seizures in high-grade SAH patients with
limited the neurologic examination due to uncon-
sciousness. Subclinical seizure is frequently seen
in patients with SAH. Perfusion image of brain

; L]
Ty

intra-arterial injection with nimodipine (a and b). Raw
EEG data just before angioplasty, showing the rise in
asymmetry with delta slowing on the left hemisphere (c).
ADR alpha-to-delta ratio, DSA density spectral array, EEG
electroencephalogram, aEEG amplitude EEG. Reproduced
from Journal of Korean Neurosurgical Society [36]
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can be one of the other options to identify regions
of potential brain ischemia.

Unfortunately, no effective preventive therapy
for vasospasm has been developed to date. The
calcium channel blocker, nimodipine, has been
originally designed for prevention of vasospasm
because of the vasodilatory effects on cerebral
vessels. However, nimodipine has no convincing
evidence regarding prevention of vasospasm. On
the other hand, meta-analysis on efficacy of pro-
phylactic nimodipine after SAH showed neuro-
logical outcomes were improved and mortality
was slightly, though not significantly, reduced in
the nimodipine group [37]. Nimodipine was
given orally between the fourth and twenty-first
days after bleeding in most of clinical trials.
Current guidelines recommend oral nimodipine
(60 mg every 4 h for 3 weeks) should be admin-
istered to all patients with aneurysmal SAH. The
effectiveness of nimodipine given intravenously
remains uncertain. Nimodipine is not recom-
mended in traumatic SAH because of one sys-
tematic review showing nimodipine did not affect
long-term clinical outcome [38]. Recent clinical
trials regarding the utility of statin (regardless of
dose regimens), magnesium sulfate, and
clazosentan (an endothelin receptor antagonist)
failed to show the effectiveness on DCI or func-
tional outcome after aneurysmal SAH.

Traditionally, hemodynamic augmentation
has consisted of hemodilution, hypervolemia,
and hypertensive therapy, called the “triple-H.”
In decades, triple-H therapy has been used to
improve and maintain proper brain perfusion in
SAH patients with or without vasospasm,
although there have been no evidences from ran-
domized clinical trials. Triple-H therapy is asso-
ciated with increased risk of rebleeding at the
aneurysm site if it has not been closed. Achieving
hypervolemia is associated undesirable effects
including fluid overload and pulmonary edema,
and hypovolemia is also should be avoided
because of the risk of ischemic complications.
Therefore, any prophylactic hemodynamic aug-
mentation appears unuseful for the vasospasm,
and euvolemic normotensive normal cardiac per-
formance is recommended with normal saline,
which should be checked by documentation of
fluid input and output. Central venous pressure
(CVP) is a poor surrogate for volume status.

Other useful tools for hemodynamic monitoring
will be explained in more detail later in this chap-
ter. Synthetic colloids and routine blood transfu-
sion may be associated with poor clinical
outcomes.

Triple-H therapy has not been found effective
in even symptomatic or laboratory vasospasm.
Accumulating literature on treating symptomatic
vasospasm has shifted the focus from this triple-
H therapy to the maintenance of euvolemia and
induced hypertension with vasopressor agents.
Intra-arterial (IA) injection of nimodipine, nicar-
dipine, and verapamil may lead to irreversible
ischemic injury (Fig. 10.4). IA balloon angio-
plasty is also useful in treating symptomatic
vasospasm. IA infusion of vasodilation therapy is
relatively safe, but the positive effect may not last
long, whereas IA balloon angioplasty has the risk
of rupture of the vessel but higher durability than
IA infusion. For refractory symptomatic vaso-
spasm, both intra-aortic balloon counterpulsation
therapy and partial aortic occlusion are consider-
able to improve CBF and reduce permanent neu-
rologic damages.

10.4.2 Management
of Hydrocephalus

Aneurysmal SAH-associated acute symptomatic
hydrocephalus occurs in 15-87% and leads to
poor neurological condition. It can be managed
by external ventricular drainage (EVD) or lum-
bar drainage. EVD is associated with improved
neurological outcome. If patients with acute
hydrocephalus associated with aneurysmal SAH
have concomitant IVH and increased ICP, EVD
should be applied as an important early step.
However, it should be cautioned that EVD can
increase risk for rebleeding and ventriculitis.
Lumbar drainage might be safe and has no
increase in the risk of rebleeding in aneurysmal
SAH without IVH. Preliminary data showed the
decreased incidence of vasospasm after lumbar
drainage in nontraumatic SAH. However, the
effectiveness of lumbar drainage has been
derived from small retrospective studies, and the
theoretical risk of downward herniation after
lumbar drainage should be considered with cau-
tion in patients with suspicious severe intracra-
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Fig. 10.4 Digital subtraction angiography (DSA) before
and after intra-arterial injection of vasodilatory agents. On
post-bleeding day 6, a first conventional angiography
before intra-arterial injection (a) shows severe vasospasm
in the anterior cerebral artery and middle cerebral artery

nial hypertension. Chronic hydrocephalus due to
SAH is generally managed by permanent ven-
tricular shunt placement.

10.4.3 General Medical Care

The most common medical complication in aneu-
rysmal SAH is fever. Unexplained fever, suggest-
ing neurogenic or central fever after SAH, is also
not uncommon and is linked with poor Hunt-Hess
grade, presence of IVH, and development of vaso-
spasm. Fever after aneurysmal SAH is related with
increased mortality, poor functional outcome, and
cognitive impairment among survivors. Hence, in
the acute phase of aneurysmal SAH, aggressive
control of fever to a target of normothermia is nec-
essary. The use of external cooling devices may be
associated with improved outcome after SAH
compared to conventional fever control.

of the left hemisphere and a residual sac on the clipped
aneurysm. Conventional angiography after intra-arterial
injection with nimodipine (b) shows an increase in middle
cerebral artery caliber. Reproduced from Journal of
Korean Neurosurgical Society [36]

Many studies investigated an association
between hyperglycemia and poor outcome after
SAH, and effective glucose control was related
with decreased risk of poor outcome in patients
with aneurysmal SAH. However, specific target
of serum glucose level is not yet present because
of no high-quality evidences. The 2012 AHA/
ASA guidelines suggest careful glucose manage-
ment with strict avoidance of hypoglycemia in
patients with aneurysmal SAH.

Seizure occurs in up to 20% of patients after
aneurysmal SAH, most commonly in the first
24 h. Concurrent ICH with aneurysm SAH,
severe hypertension, and the presence of aneu-
rysm on the MCA are relative risk factors of sei-
zure after SAH. Because seizure after aneurysmal
SAH increases the potential risk of rebleeding,
administration of prophylactic anticonvulsants is
sometimes considered in the immediate posthem-
orrhagic period. However, the association
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between seizures and functional outcome still
remains unproven, and some studies on routine
or prophylactic use of anticonvulsants found
increased rate of adverse drug effects and worse
clinical outcome in aneurysmal SAH patients
treated with anticonvulsants. The routine
long-term anticonvulsant therapy is not routinely
recommended in patients without seizure epi-
sodes and known risk factors for delayed
seizure.

Hyponatremia is frequently observed from 10
to 30% in aneurysmal SAH. Two different cate-
gories, including syndrome of inappropriate
antidiuretic hormone secretion (SIADH) and
cerebral salt-wasting syndrome (CSW), are com-
mon. Hyponatremia can occur either as a result
of lower excretion of water compared with
sodium or by higher excretion of sodium com-
pared with water. SIADH is a condition that
exhibits excessive secretion of antidiuretic
hormone, resulting in the prevention of water
excretion and induced hyponatremia. Treatment
includes the prevention of water intake to resolve
the electrolyte imbalance. CSW is also a syn-
drome often seen after SAH, and about 30% of
patients exhibit this condition. The prognosis is
not favorable, and some brain edema patients
exhibit this condition as well. The cause is
thought to be due to an increased level of brain
natriuretic peptide and excessive sodium excre-
tion through the urine. Treatment is to provide
supplements to make up for lost water (isotonic
saline) and sodium, but due to the amount lost, it
is hard to treat. Use of mineralocorticoids can
assist in treatment if previous treatment is not
effective. If misdiagnosed as SIADH and water
intake is restricted, hyponatremia can worsen and
cause severe problems, and therefore any diagno-
sis made must be done so with caution. With all
the laboratory findings for both CSW and SIADH
being similar, only volume status can be a hint for
differentiating these two syndromes. However,
there is no one gold standard parameter that is
believed to be always accurate in assessing vol-
ume status. STADH is a euvolemic or hypervol-
emic status due to free water retention, urine
osmolality >100 mOsm/kg, and urine Na
>40 mmol/L, and CSW is a fraction of sodium
excretion (FENa) <1% for volume depletion due
to CSW and >1% for volume overloaded STADH.

10.5 Neurocritical Care
in Hemorrhagic Stroke

Current neurocritical care aims for early detec-
tion and minimization of secondary brain injury.
Patients with hemorrhagic stroke commonly
develop increased ICP and hemodynamic insta-
bility. ICP and hemodynamic monitoring are the
best ways to realize these aims. Proper identifica-
tion of pathophysiology of elevated ICP is essen-
tial for timely diagnosis and management to
prevent cerebral hypoperfusion.

10.5.1 Management of Intracranial
Pressure

ICP eventually results in reduced blood flow to
the cerebrum. CBF is determined by the CPP,
which is calculated by deducting the ICP from
the MAP. Consequently, any condition associated
with elevated ICP can be reduced CPP.
Figure 10.5 demonstrates the overall relationship
between ICP, MAP, changes in cerebral blood
vessels, and CBF [39]. CBF is normally main-
tained at a relatively constant level by cerebro-
vascular autoregulation over a wide range of
MAP (50-150 mmHg) [40]. A decrease in CPP
results in a decrease in CBF, but in an intact auto-
regulating system, vasodilatation reduces vascu-
lar resistance with maintain of CBF, which
translates into surges in the intracranial pressure
(vasodilatory cascade). On the other hand, a rise
in CPP leads to a similar rise in CBF, which is
corrected by vasoconstriction (vasoconstriction
cascade). Cerebral autoregulation can become
dysfunctional in hemorrhagic stroke. Impaired
autoregulation leads to a linear relation between
CBF and CPP in that the brain becomes exqui-
sitely sensitive to even minor changes in CPP. In
this setting, a marked rise in ICP and descend
CPP cause cerebral ischemia and metabolic
Crisis.
10.5.1.1 Monitoring of Intracranial
Pressure

Patients with hemorrhagic stroke develop primar-
ily neurologic damage. Critical consequence of
increased ICP with a space-occupying lesion can
lead to interhemispheric pressure gradients and
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Reproduced by 60
permission of Critical
Care Clinics [39]

cerebral herniation, cerebral edema, and reduced
CPP as secondary brain injury. Traditionally, sec-
ondary brain injury is partially reversible and
preventable if identified early and treated appro-
priately. ICP monitoring is one of the best ways
for early detection of secondary brain injury and
can provide understanding of cerebral hemody-
namics as well as direct pressure. Precise moni-
toring of the ICP is performed by inserting a
catheter into four different anatomical sites: epi-
dural, subarachnoid, intraparenchymal, and intra-
ventricular. External ventricular drain (EVD)
allows both ICP monitoring and therapeutic
drainage of CSF, which is considered the gold
standard for ICP measurement. The ICP zero
point is defined as the center of the head or at the
level of the foramen of Monro, which is anatomi-
cally close to the tragus of the outer ear.

The ICP waveform is important because its
morphology provides clues to the pressure-
volume relationship within the intracranial vault
[41]. The shape of the ICP waveform has three
distinct upstrokes, typical feature of vascular ori-
gin: the first peak (percussion wave, P1) repre-
senting arterial pulsation, the second peak (tidal
wave, P2) representing intracranial compliance,
and last peak (dicrotic wave, P3) representing
aortic valve closure. When ICP is normal and a
compensated pressure-volume relationship exists
within the cranium, P1 should have the highest
upstroke, P2 in-between upstroke, and P3 the
lowest upstroke. If P2 is higher than P1, it indi-
cates intracranial hypertension (Fig. 10.6).

150
Mean arterial pressure (mmHg)

P1

Fig. 10.6 Intracranial pressure waveforms in conditions
of normal (a) and poor (b) intracranial compliance.
Adapted from Journal of Neurocritical Care [41]

Lundberg suggested three different types of ICP
variations: A, B, and C waves (Fig. 10.7).
Lundberg A waves, known as “plateau waves,’
are clinically very important and pathological
waves because they indicate reduced intracranial
compliance. They are steep increases in ICP to
50 mmHg or more and last 5-20 min and then
return precipitously to below the original level or
slightly elevated baseline. Lundberg B wave was
defined as repetitive changes in ICP due to CBF
fluctuations that lead to changes in CBV and
ICP. They rise from a variable baseline to a level
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Fig.10.7 Pathologic intracranial pressure waves. (a) Lundberg A (plateau) waves. (b) Lundberg B waves. (¢) Lundberg

C waves. Adapted from Journal of Neurocritical Care [41]

20-30 mmHg higher and then fall abruptly. They
occur at frequencies of 0.5-2 waves/min and last
over 0.5-3 min. Lundberg C waves occur at a rate
of 4-8 waves/min and are probably caused by
interaction between the cardiac and respiration
cycles. Therefore, they are little pathological sig-
nificance. The ICP waveform provides insight
into intracranial compliance and is important to
recognize [42].

10.5.1.2 Management of Intracranial
Pressure

If cerebral herniation or ICP crisis is suspected,
immediate brain imaging and treatment must be
initiated. Surgical decompression is the most
effective way to reduce ICP. Intraventricular
hemorrhage with/without acute hydrocephalus,
high-grade subarachnoid hemorrhage, and any

symptoms of increased ICP or herniation are
good indications for placing EVD because of
monitoring and managing ICP at the same time.
If surgical treatment is not an option, the
following medical steps can be considered as
shown in Fig. 10.8.

Sedatives and analgesics can be used to relieve
patients from agitation and pain, but they can also
interfere with assessment of consciousness.
Although a light level of sedation is associated with
improved clinical outcomes, a deep level of seda-
tion may be required in severely increased
ICP. Systemic and cerebral physiologic effects of
sedatives and analgesics used commonly in patients
with hemorrhagic stroke are provided in Table 10.7.
Short-acting drugs are usually recommended.

Osmotherapy with either mannitol or hyper-
tonic saline has a role to help to remove water
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Fig.10.8 Algorithm for Elevated ICP
management of elevated
intracranial pressure.
ICP intracranial
pressure, /CU intensive
care unit, CPP cerebral
perfusion pressure
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Table 10.7 Systemic and cerebral physiologic effects of sedatives and analgesics

Rapid
onset  Fast Sedative  Analgesic
(min) recovery effect effect ICP MAP Seizure Unique effects
Fentanyl +++ ++ + +++ — — Accumulative effects with
(1-2) repeated or prolonged
administration
Remifentanil +++ +++ + +++ —l — Prompt reversal upon
(1-2) discontinuation: Possible
frequent neurologic
examination
No accumulation in renal
or hepatic insufficiency
Hypotension
Morphine ++ ++ + +++ 1 ! — Nausea, respiratory
(10) depression, coughing
response|
Accumulate in hepatic or
renal dysfunction and
prolong effects (50%|in
renal failure)
Propofol +++ +++ +++ - N N | Shivering|, CMRO,,
(<1~2) respiratory depression
Rare but potentially fatal
propofol infusion syndrome
Infection risk?,
triglyceride?
Hypotension, bradycardia,
injection site pain
Unaltered metabolism in
hepatic or renal
insufficiency
Ketamin +++ +++ +++ ++ = |i= |l Bronchodilatation
(0.5) No respiration depression
Sympathetic stimulation
Hallucinations, delirium
upon withdrawal,
hypersalivation

(continued)



150

J.-H.Hong

Table 10.7 (continued)

Rapid
onset  Fast Sedative  Analgesic
(min) recovery effect effect ICP MAP Seizure Unique effects
Midazolam +++ ++ +++ - — | | Accumulate and cause
(2-5) prolonged sedation if
delivered long-term
Prolonged half-life in
hepatic or renal impairment
Delirium?
Lorazepam + + ++ = — 1 l Delirium?t
(5-20) Safety in mild to moderate
hepatic and renal
insufficiency
High dosing causing
metabolic acidosis
Thiopental ++ ++ R - ! 1l | CMRO,]|, respiration
depression, hypotension,
cardiac depression, ileus
Accumulative effects with
repeated or prolonged
administration
DEX ++ ++ ++ ++ — | — Sympatholysis, cooperative
(15) sedation

No respiration depression,
delirium], shivering],
GFR1, cardioprotection
Bradycardia, hypotension,
hypertension upon abrupt
discontinuation

CMRO, cerebral metabolic rate of oxygen, GFR glomerular filtration rate, DEX Dexmedetomidine

from brain tissue across the blood-brain barrier
by creating an osmotic gradient that draws water
from the interstitium into the vascular space.
Mannitol is not metabolized and excreted
unchanged in the urine after infusion. Therefore,
it acts as a potent osmotic diuretic, and the effects
of ICP reduction are usually seen within 15 min,
peak 15-120 min, and last from 1 to 5 h. There is
a significant dose-response relationship when
using mannitol, so rapid bolus IV infusion at a
usual dose of 0.5-1 g/kg is effective in reducing
ICP. Doses less than 0.5 g/kg appear to be less
efficacious. The important concern regarding
mannitol use is acute kidney injury. Using serum
osmolarity of 320 mOsm/kg as the threshold to
stop mannitol to prevent this complication is
likely relative, and serum osmolarity may be tol-
erated up to 340 mOsm/kg [43]. Instead of check-
ing serum osmolarity, frequent monitoring of
osmolar gap, which is the difference between the
calculated and the measured osmolality, is rec-

ommended. This complication is rare, if the
osmolar gap is less than 55 [44].

Hypertonic saline has a similar osmotic effect
as mannitol but is a less potent diuretic, which
can increase BP, cardiac output, and CBF by
expanding the intravascular volume [45].
Hypertonic saline is currently the preferred agent
of a majority of neurointensivists. Some meta-
analysis showed that hypertonic saline is more
effective than mannitol for the management of
ICP [46]. Hypertonic saline comes in several dif-
ferent concentrations: 3, 7.5, 11.7, and 23.4%.
Use of a hypertonic solution can cause complica-
tions such as hypokalemia, hypernatremia, car-
diac failure, pulmonary edema, and kidney
damage. When hyponatremia exists as baseline,
central pontine myelinolysis may occur because
of rapid increased sodium level. When adminis-
tering more than 7.5% concentration, it is prefer-
ably injected through a central vein than the
peripheral vein to minimize phlebitis. Although
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Table 10.8 Comparison of mannitol and hypertonic saline

Mannitol
Dose 1. 0.5-1.5 g/kg/dose, repeatedly every
4-8h
Monitoring 2. Follow osmolar gap (<55)
3. Achieve hypernatremia s systemic
hypovolemia
4. BUN/Cr
Advantage 1. Rapid effect in reducing ICP even

before the onset of osmotic diuresis
2. No need for central venous access

Disadvantage 1. Could lead to reduction of
intravascular volume and compromise
of MAP/CPP

2. Impaired clearance can lead to
nephrotoxicity

3. Accumulation into injured brain via
disrupted BBB and rebound edema

Reproduced by permission of Neurocritical Care [47]

Hypertonic saline

1. 2%, 3% hypertonic saline: 1-2 mL/kg/h, 250 mL
bolus over 30 min if more aggressive therapy is desired

2. 23.4% 30 mL hypertonic saline bolus infusion

(11.7% 60 mL) over 10 min

Prespecified Na ranges (e.g., 150-160)

4. Avoid exceeding 160 mEq/L

(95}

1. 23.4% 30 mL bolus (11.7% 60 mL) has an
immediate effect in ICP reduction

2. Hypertonic saline permeability coefficient 1 vs. 0.9
for mannitol

3. Volume expander

4. Positive inotropic

5. Immunomodulatory results

1. Hyperchloremic metabolic acidosis

2. Accumulation into injured brain via disrupted BBB
and rebound edema

3. Hyperoncotic hemolysis

4. Requires central venous access

5. Bolus administration (esp. 23.4%) can lead to

transient hypotension

BUN blood urea nitrogen, Cr creatinine, MAP mean arterial pressure, CPP cerebral perfusion pressure, BBB blood-

brain barrier, /CP intracranial pressure

serum sodium concentration below 160 mEq/L is
recommended, concentration as high as
180 mEq/L has been tolerated without complica-
tions. Table 10.8 shows the comparison of man-
nitol and hypertonic saline [47].

Use of a ventilator to lower PaCO, to
26-30 mmHg arbitrarily causes hyperventilation,
inducing respiratory alkalosis and cerebrovascu-
lar constriction, eventually reducing ICP. However,
the effectiveness of hyperventilation treatment is
very short (11-20 h) due to a rapid adaptation to
the new PaCO, which causes a low pH in the CSF,
and the vasoconstriction induced by prolonged
hyperventilation can cause ischemia [48].
Therefore, therapeutic hyperventilation should be
considered as an urgent but temporary interven-
tion (bridge therapy) when ICP is elevated.

Therapeutic hypothermia which maintains
body temperature at 32-35 °C in order to reduce
cerebral metabolism can also be attempted.
Cooling results in 6—10% decrease in cerebral
metabolism for every 1 °C reduction. In addition
to reducing ICP, several studies showed therapeu-
tic hypothermia attenuated perihematomal edema

growth in patients with intracerebral hemorrhage
[49]. During hypothermia, it is important to pre-
vent the patient from shivering, as this can increase
ICP. Buspirone, dexmedetomidine, meperidine,
magnesium sulfate, or propofol can be used to
control the shivering. If not abolished, neuromus-
cular blockade may be used. Antishivering proto-
col is showed in Table 10.9 [50].

Barbiturate coma therapy is also a useful
method to control increased ICP patients.
Barbiturate coma therapy (10-30 mg/kg as an
initial dose and 1-3 mg/kg per hour for mainte-
nance) decreases brain metabolism and CBF. It
can be complicated by hypotension and cardiac
output due to suppressing the heart, possibly
requiring vasopressor support. Thus, using the
continuous electroencephalogram (EEG) moni-
toring allows pharmacologic adjustment to
maintain enough suppression of the EEG back-
ground (burst suppression) while minimizing
adverse effects.

Preventing conditions that can elevate ICP is
also important. Turning the head and neck to one
side and tightly wrapping the neck in order to
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Table 10.9 The Columbia anti-shivering protocol

Step Intervention Dose

0 Baseline Acetaminophen 650-1000 mg Q 4-6 h
Buspirone 30mgQ8h
Magnesium sulfate 0.5-1 mg/h IV goal (3—4 mg/dL)
Skin counterwarming 43 °C/MAX temp

1 Mild sedation Dexmedetomidine 0.2-1.5 pg/kg/h
e Fentanyl starting dose 25 pg/h
Opioid Meperidine 50-100 mg IM or IV

2 Moderate sedation Dexmedetomidine and opioid Doses as above

3 Deep sedation Propofol 50-75 pg/kg/min

4 Neuromuscular blockade Vecuronium 0.1 mg/kg IV

Reproduced by permission of Neurocritical Care [50]

maintain intubation can increase ICP by interfer-
ing with the return of blood in the jugular vein.
Putting the head in a neutral position and elevat-
ing 30-40° can improve cerebral venous and
CSF flow, eventually lowering ICP. An increase
in body temperature leads to an increase in
metabolism, cerebral blood CBF, and swelling
of the brain. Antipyretic drugs should be used,
and passive temperature management, such as
cold blankets, can be used if needed. These gen-
eral managements apply to all patients with ele-
vated ICP.

10.5.2 Hemodynamic Monitoring

If hypotension is observed in patients with hem-
orrhagic stroke, rapid identification of the
cause—whether it is due to low circulating blood
volume or heart failure—is required. If the prob-
lem is due to low circulating blood volume, first,
sufficient fluid infusion should be provided, and
then a vasopressor or inotropics should be used.
If the low BP is due to heart disease and the cir-
culating blood volume is normal, excessive infu-
sion can increase the burden on the heart, reduce
cardiac output, cause pulmonary edema, and
degenerate gaseous exchange, eventually wors-
ening the patient’s condition. Therefore, it is cru-
cial to monitor the circulating blood volume.

10.5.2.1 Central Venous Pressure

CVP allows estimation of preload on the left ven-
tricle (left ventricular end-diastolic pressure). An
estimate of the central venous pressure can help

determine a patient’s volume status; however, the
CVP can be affected by a patient’s cardiopulmo-
nary disease. Many studies thus far have indi-
cated that the accuracy of CVP is only about 50%
and the CVP does not adequately predict whether
or not an intravenous fluid challenge will increase
stroke volume. Therefore, this should not be used
independently, but along with other indicators,
when assessing the cardiovascular reaction after
providing an infusion. However, low CVP is a
relatively good indicator of hemodynamic
response to a fluid challenge.

10.5.2.2 Stroke Volume Variation
and Pulse Pressure Variation

In patients with mechanical ventilation and no
spontaneous breathing activity, stroke volume
variation (SVV) and pulse pressure variation
(PPV) can be used as a dynamic index to predict
fluid responsiveness [51]. Positive pressure venti-
lation reduces right ventricular preload due to
compression of the superior and inferior vena
cava (IVC). The cyclic variations of venous
return induced by mechanical ventilation lead to
the cyclic variation of stroke volume. PPV is
caused by inspiration and expiration over a single
respiratory. If patients have low circulating blood
volume, these variations increase. SVV more
than 10% or PPV greater than 13% are good pre-
dictor of fluid responsiveness. SVV and PPV are
known to be better indicators than CVP when
assessing fluid responsiveness. However, in cases
of increased pulmonary arterial pressure, sponta-
neous breathing, and atrial fibrillation, these
indexes are less effective.
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10.5.2.3 Inferior Vena Cava Diameter
The IVC diameter is easy to measure and reflects
the right chambers’ preload. Using ultrasound,
changes in the internal diameter of the IVC can be
monitored according to changes in breathing. The
transducer position is just below the xiphoid pro-
cess 1-2 cm to the right of the midline, and IVC is
detected usually about 1 cm below the pulmonary
vein. The normal diameter of the IVC is between
1.5 and 2.5 cm. If the diameter is reduced to below
1 cm and complete collapse occurs as breathing
changes, this is a good indication of a low circu-
lating blood volume [52]. This simple test is use-
ful in the neuro ICU, where rapid hemodynamic
assessment is required, or in emergency patients
who are unable to undergo invasive intervention.
However, there are other factors aside from circu-
lating blood volume—such as intrathoracic pres-
sure and the function of the right heart—that
affect the internal diameter. Therefore, careful
examination of the patient and other hemody-
namic index should be considered together.

10.5.2.4 Passive Leg Raising Test

When both legs are raised to 45-60° from the
supine position, venous blood from the deep
veins of the legs moves to the central vascular
system through the inferior vena cava. This pos-
ture provides temporarily increased circulating
blood volume by around 300 mL, causing
increased cardiac output. This is the simplest
method to see if the patients in ICU require fluid
resuscitation. The maneuver might be reinforced
in a clinical setting by moving the patient’s bed
from a semi-Fowler position to a supine position
with the legs raised. Repeated assessment is
available, and the simultaneous monitoring of BP
or pulse rate is mandatory.

10.6 Management of General
Medical Complications

in Hemorrhagic Stroke

Patients with hemorrhagic stroke are exposed to
systemic complications, due to not only the pri-
mary disease but also the ICU environment
(prone to infections). Approximately 50% of

deaths after 7 days of stroke onset are due to
medical complications. Most of problems are
cardiopulmonary complications. The most com-
mon medical problem is pneumonia (5.6%)
followed by aspiration (2.6%) and respiratory
failure/distress (2%) [53]. Many patients present
with decreased consciousness and are required
supporting intubation with/without mechanical
ventilation. Dysphasia is very common and a
major risk factor for developing aspiration pneu-
monia. Therefore, initial screening for dysphasia
should be carried out before the beginning of oral
intake to reduce the risk of pneumonia. The sec-
ond common complications are cardiac problems
as follows: acute myocardial infarction, heart
failure, arrhythmias, and cardiac arrest.
Concurrent stroke and acute myocardial infarc-
tion are not uncommon. Sudden cardiovascular
or pulmonary events after a brain hemorrhagic
insult sometimes can occur without pre-existing
cardiopulmonary pathology: stress-induced car-
diomyopathy and neurogenic pulmonary edema.
The following are common and serious secondary
systemic complications due to hemorrhagic
stroke.

10.6.1 Ventilator-Associated
Pneumonia

Ventilator-associated pneumonia (VAP) is an
infection occurring within 48 h post-mechanical
ventilation. Since many patients with hemor-
rhagic stroke use ventilators, VAP is an important
complication when managing these patients.
More than 85% of pneumonia seen in the ICU is
VAP. The occurrence rate is 2-3% per day of
mechanical ventilation, and this applies to 8-38%
of all patients who receive mechanical ventila-
tion. The frequency increases with prolongation
of the mechanical ventilation, but recent studies
indicate that the frequency increases for 5 days
after the commencement of ventilation and
decreases afterward. Therefore, monitoring
the early stages of mechanical ventilation is
essential.

VAP is divided into early VAP (occurring
before day 4 of mechanical ventilation) and late
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VAP (occurring after day 5). Early VAP is a type
of community-acquired infection and is
often caused by Streptococcus pneumoniae,
Haemophilus influenzae, Staphylococcus aureus,
and antibiotic-resistant intestinal gram-negative
bacilli. Late VAP is considered a hospital-
acquired infection and is often caused by
Pseudomonas aeruginosa, resistant Klebsiella
pneumoniae, Acinetobacter baumannii, and
methicillin-resistant Staphylococcus aureus. Late
VAP has a high mortality rate, and early VAP
does not always have a good prognosis, as the
infection can be a hospital-acquired infection
from a previous center. Causes include direct
inhalation from the oropharynx, inhalation from
the oropharynx following gastric reflux, direct
infection from the pleura, infection from urinary
catheters, and hematogenous spread. The most
important route of infection is direct inhalation
from the oropharynx. Intubation hinders the nor-
mal defense mechanisms of the bronchial tubes,
by suppressing the cough reflex, damaging the
mucosal epithelium, and suppressing ciliary
movement. Most importantly, intubation can act
as a direct route of infection.

The procedure for diagnosis and treatment is
identical to other hospital-acquired pneumo-
nias. Since VAP is often caused by multidrug-
resistant bacteria, treatment is difficult and
mortality is high. Therefore, prevention is as
important as diagnosis and treatment.
Preventative measures include providing educa-
tion to medical staff, washing hands, isolating
patients infected with multidrug-resistant bacte-
ria, and operating a program to monitor infec-
tions in the ICU. The best method is to avoid
intubation where possible and consider other
noninvasive ventilation methods. Intubation
tubing is also better if it is silver-coated. The
pressure of the cuff should be maintained no
lower than 20 cm H,0O. Head-of-bed elevation of
30-45° in mechanically ventilated patients with
hemorrhagic stroke decreased the risk of devel-
oping VAP. Oral hygiene should be maintained
by providing frequent disinfection and suction.
Antacids should be avoided as much as possi-
ble, and changing of the tubing or the ventilator
circuit should also be minimized. The nutrition

tube undoubtedly causes aspiration pneumonia,
but considering the risks of malnutrition or par-
enteral nutrition, it is best to start using nutrition
tubes for a better prognosis.

10.6.2 Neurogenic Pulmonary
Edema

Neurogenic pulmonary edema refers to pulmo-
nary edema that occurs within a short period after
central nerve system (CNS) damage. Neurogenic
pulmonary edema frequently occurs even with-
out underlying diseases of the lungs or heart.
More than 70% of cases occur after cerebral
hemorrhage [54]. Causes include a rapid ICP
increase, pulmonary vasoconstriction due to an
adrenergic response after damage to the solitary
tract nucleus, and increased permeability of lung
capillaries due to increased pressure. The inflam-
matory response due to increased permeability
also worsens the pulmonary edema.

There is no special diagnostic tool, but changes
in chest imaging or difficulties in breathing in the
early stages of acute brain damage can indicate
pulmonary edema. It is difficult to differentiate
from aspiration pneumonia or ventilator-
associated pneumonia. However, neurogenic pul-
monary edema typically occurs within hours of
the brain damage, and aspiration pneumonia
occurs 24—48 h after damage. Moreover, neuro-
genic pulmonary edema occurs bilaterally in the
lungs, while aspiration pneumonia is typically
localized to one lung. The treatment procedure
includes appropriate mechanical ventilation to
prevent damage to the heart and lungs. If the
causative brain condition improves, neurogenic
pulmonary edema is also improved.

10.6.3 Pulmonary Embolism

Pulmonary embolism is not a rare complication
and has a high mortality rate. Pulmonary embo-
lism can be acute or chronic, and patients with
hemorrhagic stroke often exhibit acute pulmo-
nary embolism. Acute pulmonary embolism is
clinically divided into massive and sub-massive
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pulmonary embolism. Massive pulmonary embo-
lism occurs when systolic pressure drops below
90 mmHg or 40 mmHg from the standard for lon-
ger than 15 min. If symptoms such as acute myo-
cardial infarction, tension pneumothorax, cardiac
tamponade, or newly developed arrhythmias are
not accompanied yet central venous pressure is
increasing and BP is decreasing, massive pulmo-
nary embolism should be questioned. There is a
high frequency of left ventricular collapse or
death. As death can occur any time from 1 to 2 h
until 72 h from the start of symptoms, these
patients should be monitored with caution. The
mortality rate is 30% when untreated but is low-
ered to 8% with aggressive treatment.

In more than 40% of cases, there is an associa-
tion with DVT. Symptoms are similar to other
pulmonary diseases and are not helpful for diag-
nosis, but common symptoms include difficulty in
breathing, exhaustion, pleural pain, cough, edema
in the legs, and pain in the legs. A more specific
symptom is that the difficulty in breathing occurs
within a few minutes. Diagnosis is performed
using D-dimer, spiral CT, V/Q scan, and pulmo-
nary angiography. The D-dimer test has a low sen-
sitivity but high specificity. Therefore, in patients
with a low or moderate suspicion of pulmonary
embolism, D-dimer level below 500 ng/mL is
enough to exclude the possibility of pulmonary
embolism. Since massive pulmonary embolism
has a high mortality rate, an emergency ECG to
check for pulmonary hypertension or overload on
the right ventricle should be performed. If the
ECG results suggest these conditions, emergency
thrombolysis should be performed. When the
patient is stable, a spiral CT should be performed
to identify other causes of shock.

Hemodynamic stability is the first thing to con-
sider when treating massive pulmonary embo-
lism. BP should be elevated using a heart stimulant
such as dopamine or dobutamine. Although the
oxygen supply is effective, massive infusion ther-
apy is still questionable. If any contraindications
such as acute ICH and untreated aneurysmal SAH
are present in patients with hemodynamically
unstable pulmonary embolism, embolectomy is
recommended, not thrombolytics. For the treat-
ment of sub-massive pulmonary embolism or

maintenance treatment for massive pulmonary
embolism, low-molecular-weight heparin is used.
This is later exchanged for warfarin, but if the
INR reaches 2-3, then low-molecular-weight
heparin is stopped. Non-vitamin K antagonist oral
anticoagulants have also been recently used.
These oral anticoagulants are given for 3 months
if a correctable risk factor is present and 6 months
or longer if there is no special risk factor.

10.6.4 Stress-Induced
Cardiomyopathy

Stress-induced cardiomyopathy is an acute and
transient dysfunction of the apical left ventricle
after emotional or physical stress. The shape of
the lesion is similar to a jar used to catch octopus
in Japan and is also known as takotsubo cardio-
myopathy [55]. Although there is little known
regarding its etiology, it is thought to be due to
temporary twitching of the coronary artery due to
excessive secretion of catecholamines. Clinically,
it can mimic acute coronary syndrome. Although
increased levels of troponin and creatine kinase-
MB (CK-MB) are observed in stress-induced car-
diomyopathy, the level of increase is smaller than
that of ST segment elevation myocardial infarc-
tion. Cardiac function is the presence of severely
reduced ejection fraction with large regions of
akinesia. There are ST segment elevation in
40-80% and T-wave inversion in about 65%.
However, coronary angiography shows no steno-
sis in stress-induced cardiomyopathy. Moreover,
it is reversible. About 50% of the patients can
develop acute heart failure, and the treatment fol-
lows that regularly used for acute heart failure. If
patients are hemodynamically stable with conges-
tion, diuretic drugs can be administrated. In addi-
tion, angiotensin-converting enzyme inhibitors,
angiotensin receptor blockers, and beta-blockers
can be given until left ventricular function recov-
ers. If hemodynamically unstable, positive inotro-
pic agents are used to promote myocardial
contractility. The patient improves in a few weeks,
and the mortality rate is only about 1-2% but had
been reported to reach 16% in severely affected
patients.
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10.6.5 Paroxysmal Sympathetic
Hyperactivity

Paroxysmal sympathetic hyperactivity can occur
in patients with severe hemorrhagic stroke.
Early diagnosis and treatment is essential because
of prolonged length of ICU stay and poor progno-
sis. It is often caused by paroxysmal hyperactivity
of the sympathetic system, and common symp-
toms include tachycardia (more than 120 beats/
min), hyperventilation (more than 30 breaths/
min), fever (greater than 38.5 °C), increased BP
(systolic pressure greater than 160 mmHg), dilated
pupils, perspiration, and more. Abruptly stopping
sedatives can induce similar symptoms, and this
condition should be differentiated from symptoms
caused by sepsis, neuroleptic malignant syndrome,
or malignant hyperthermia. Although the patho-
physiology is unknown, disconnection between
autonomic center of the diencephalon cortex, sub-
cortex, and brainstem is thought to cause this con-
dition. Morphine is commonly used as a treatment,
and to control elevated BP, a presynaptic alpha-2
receptor agonist, such as dexmedetomidine or
clonidine, and propranolol (beta-receptor block-
ers) are used in addition. In cases of increased
muscle tone, baclofen (GABA-B receptor ago-
nists) can also be useful [56].
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Spontaneous or nontraumatic ICH is a focal
collection of blood within the brain paren-
chyma. ICH is the second most common form
of stroke, accounting for 10-30% of all cases
[1-3]. With about a 40% mortality rate at
1 month [1] and a 40% disability rate at 1 year
[4], ICH is one of the leading causes of stroke-
related mortality and morbidity. Many acute
complications are associated with worsening
patient outcomes following ICH, including
hematoma expansion and perihematomal
edema (PHE) [5]. The etiology by which these
complications lead to worse outcomes is likely
explained by blood expansion leading to mass
effect and/or increased intracerebral pressure
(ICP) and secondary neuronal injury triggered
by hemotoxicity. Management options include
both medical and surgical intervention. Goals
of surgical procedures include minimizing the
pathophysiological impact of the hematoma
on the surrounding tissue, decreasing edema
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from blood product breakdown in order to
facilitate survival of penumbra of functionally
impaired but potentially viable surrounding
tissue [5], reducing ICP, and/or preventing
herniation.

Indications for surgery in patients with ICH
are greatly dependent on the site and size of hem-
orrhage, age of patient, level of consciousness,
and time elapsed since ICH ictus. Yet, research in
ICH approach, management, surgical indica-
tions, and technical management insufficiently
addresses some of the most common complica-
tions. In 2015, the American Heart Association/
American Stroke Association (AHA/ASA) pro-
vided comprehensive recommendations for the
diagnosis and treatment of spontaneous ICH [6].
Overall, the treatment of hemorrhages large in
volume, enlarging, or atypically located in
younger patients was recommended with aggres-
sive treatment, such as surgical hematoma evacu-
ation. This is in addition to conservative measures,
such as management addressing blood pressure,
glucose levels, temperature, hemostasis, coagu-
lopathy, and deep vein thrombosis [5, 6].
Although much research discusses conventional
craniotomies, its effectiveness in ICH patients
remains controversial. Ongoing trials explore
other surgical options to address ICP and mass
effect following ICH, such as minimally invasive
surgery (MIS) techniques and decompressive
craniectomy (DC).
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11.1 Craniotomy

Following primary ICH, a standard craniotomy can
evacuate hemorrhage (Fig. 11.1a). Although ran-
domized trials have not clearly indicated the effec-
tiveness of craniotomy clot removal on patient
outcome [6], numerous clot removals are performed
annually. In 2015, the AHA/ASA recommended a
standard craniotomy hematoma evacuation in
patients with clots greater than 30 mL within 1 cm
of the cortical surface; due to the lobar location,
clots can be assessed with minimal damage to brain
tissue [5]. These AHA/ASA recommendations
mainly drew upon a series of randomized trials,
most notably STICH I and STICH II.

In 2008, a meta-analysis reviewed ten random-
ized trials including 2059 patients [7]. According
to the results of this meta-analysis, craniotomy
was linked to a reduced risk of death and depen-
dency (OR 0.71), but this benefit was not robust.
The largest of the ten randomized trials was the
STICH trial; patients assigned to early hematoma
evacuation (defined as a median time to surgery of
30 hours after onset of hemorrhage) were margin-
ally likelier to have better outcome at 6 months
than those who received initial conservative

treatment, but this benefit was not significant [8].
In addition, patients with hematoma within 1 cm
of the cortical surface who received a craniotomy
were more likely to benefit, though this effect was
not significant either. A major limitation to the
study was high crossover rate: 26% of patients
received surgical evacuation even though they
were initially assigned to the group that received
conservative medical management. This could
compromise the study’s ability to demonstrate
benefit from surgery [9].

The STICH II trial found that the rates of
adverse outcomes at 6 months were similar
between patients who underwent early hematoma
evacuation (defined as within 48 hours of hemor-
rhage onset) and patients who received conserva-
tive medical management (59% vs. 62%) [10].
This study has limitations, however, including
the state of treated patients (conscious and with-
out intraventricular extension) and the high
crossover rate (21% of patients received surgical
evacuation even though they were initially
assigned to the group that received conservative
medical management).

When the data from the STICH II trial were
combined with those from 14 other randomized

Fig. 11.1 Tllustrations of surgical techniques of intracerebral hemorrhage (ICH). (a) Craniotomy. (b) Endoscopic evac-
uation. (¢) Stereotactic aspiration. (d) Decompressive craniectomy
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trials, a survival benefit for surgical hematoma
evacuation was observed for certain patient sub-
groups: patients with (1) poorer prognosis on
presentation of hemorrhage, (2) patients whose

condition deteriorated following presentation,
and (3) patients with superficial ICH and without
intraventricular extension [10] (Fig. 11.2). Since
certain subgroups were excluded from trial
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Fig. 11.2 (a) Meta-analysis of surgery trials in patients
with intracerebral hemorrhage (ICH). Incorporation of the
results from “Early surgery versus initial conservative treat-
ment in patients with spontaneous supratentorial lobar
intracerebral haematomas (STICH II)” trial (583 patients)
with the previous meta-analysis of 14 trials of surgery
shows a significant advantage for surgery with an odds ratio
of 0.74 (95% C10.64-0.86; p <0.0001). There is significant
heterogeneity (p = 0.0002) because the studies included
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different patient groups and different types of surgery.
(b) Meta-analysis of patient cases of lobar hematomas with
no intraventricular hemorrhage (IVH). There is no evidence
of heterogeneity (p = 0.21), and there is not a significant
benefit from surgery (n = 923; 0.78, 0.59-1.02; p = 0.07).
The results of the meta-analyses suggest that there is a role
for surgery in patients with intracerebral hemorrhage, but
that there is still some uncertainty about which patients
benefit most. Adapted by permission of Lancet [10]
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evidence, more studies are necessary to conclu-
sively decide which patient subgroups should
receive surgical hematoma evacuation.

Although surgical procedures may be contro-
versial in some cases, patients with cerebellar
hemorrhages larger than 3 cm (in diameter), with
brainstem compression, and hydrocephalus
caused by ventricular obstruction should all
receive surgical removal of the hemorrhage [11].
It is also recommended that external drainage be
done with decompression of the posterior fossa,
as drainage without this decompression could
possibly lead to cerebellar mass herniation.
Typically, hemorrhages that involve the brain-
stem are associated with a dismal prognosis that
surgery is unlikely to influence. Because of the
narrow confines of this space, hemorrhage can
cause obstructive hydrocephalus or local mass
effect on the brainstem, both of which are devas-
tating to patients [6].

Although craniotomies can result in lengthy
operations, high blood loss, and additional tis-
sue insult, they may still benefit specific patient
subsets, including those with supratentorial
and posterior fossa hemorrhages. Currently,
no other patient group is recommended for
surgery, and no surgical method other than
standard craniotomy is supported, although
ongoing clinical trials are likely to change this
recommendation.

11.2 Minimally Invasive Surgery

Given the advances made in MIS in other fields,
it is possible that a similar approach may be safer
and more effective than craniotomy clot evacua-
tions. MIS could evacuate hemorrhages in loca-
tions in which craniotomies cannot reach without
extensive tissue insult. STICH failed to signifi-
cantly justify the use of surgery in deeply seated
hemorrhages, but MIS may be particularly bene-
ficial in these cases. The effectiveness of mini-
mally invasive clot evacuation utilizing either
endoscopic or stereotactic aspiration with or
without thrombolytic usage is still considered
investigational [6, 11].

11.2.1 Endoscopy

Endoscopic evacuation of ICH aims to remove
clots and minimize secondary injury due to
parenchymal manipulation. Intracranial access
is gained through a small burr hole, and hema-
toma is generally evacuated through a sheath
under direct visualization (Fig. 11.1b). An endo-
scope is introduced to view the volume of irriga-
tion to ensure that no blood is coming from
vessels, as this might need coagulation. Current
parameters for which endoscopic evacuation
could be considered are supratentorial clots
greater than 30 mL, with a technical goal to
reduce the clot burden to less than 15 mL [5]. As
more data becomes available, the clinical crite-
rion for endoscopic evacuation of ICH is likely
to evolve [5].

Most recently, ICES, a multicenter random-
ized, controlled trial, concluded that early com-
puterized tomographic image-guided endoscopic
surgery is a safe and effective method to remove
acute ICH and could also enhance neurological
recovery compared to medically treated patients.
In ICES, one of the three preapproved approaches
was selected: anterior frontal lobe approach, pos-
terior parietal lobe approach, or surface cortical
approach. An image probe positioned over the
candidate entry point guided the ideal trajectory
selected. Each approach was devised to be paral-
lel and in the middle of the long axis of the hema-
toma. It was imperative that the Sylvian fissure,
internal capsule, white matter tracts, and ventri-
cles were avoided. The endoscope was manually
inserted into the cortex upon releasing the
hydraulic break. The endoscope sheath was
placed approximately two thirds of the way to the
hematoma’s distal margin parallel to its long
axis. Using irrigation and aspiration, the hema-
toma was removed. Upon achieving hemostasis,
the endoscope sheath was retracted so that it was
one third of the way into the hematoma cavity.
Irrigation and aspiration were repeated to remove
about 75% of the hematoma volume. Overall,
68% of patients had an end of treatment volume
at <15 mL. Following this, the dura and skin were
closed as normal [12].
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At 1 year, patients who received endoscopic
surgery were 12% likelier than medically treated
patients to have good functional outcome (mRS
0-3), suggesting this technique may be therapeu-
tic for ICH patients [12]. A limitation to the ICES
trial is its small sample size (n = 20), which might
compromise the ability for statistical compari-
sons to identify variations in patient traits that
might be linked to outcomes. Additionally, the
effect of hemorrhage location and size and inter-
ruption of white matter tracts on outcome was not
addressed and should be further researched in the
upcoming ICES phase II trial.

11.2.2 Stereotactic Catheter
Aspiration of Clot

Stereotactic aspiration, another minimally inva-
sive procedure, involves clot removal typically
with application of fibrinolytic agents through a
catheter. This MIS relies on indirect serial imag-
ing to create a three-dimensional roadmap for
real-time surgical guidance, allowing the surgeon
to identify and immediately address the original
bleeding source [5]. A stereotactic frame is
attached to the patient’s head and a metal cage is
placed on the frame. After a CT scan is completed,
the surgeon determines the hematoma’s coordi-
nates. With the aid of the stereotactic frame, a hol-
low needle is passed through the burr hole and the
brain tissue, directly into the clot (Fig. 11.1c). A
large syringe attached to the hollow needle suc-
tions out the contents of the blood clot.

Stereotactic techniques combine hardware
access technology with suction liquefaction tech-
nology. Studies addressed a variety of fibrinolytic
agents, such as urokinase, streptokinase,
alteplase, and recombinant tissue plasminogen
activator (rtPA), which were injected directly into
the hematoma. These agents enhance clot drain-
age by accelerating lysis rate. Although there are
concerns of thrombolytic agents increasing the
risk of worsening edema, recent studies support
its safety and efficacy [13, 14].

A randomized, controlled clinical trial com-
pared 64 patients treated with minimally invasive

stereotactic puncture and thrombolysis therapy
(MISPTT) and 58 treated with conventional cra-
niotomy. The MISPTT group had fewer compli-
cations and a trend towards improved short-term
and long-term outcomes compared to craniotomy
patients. Urokinase, the thrombosis agent, did
not exacerbate brain edema formation (Fig. 11.3).
Additionally, a reduction of the ICH volume
seemed to be associated with the reduction of
edema volume [13].

Minimally invasive surgery plus recombinant
tissue plasminogen activator in intracerebral
hemorrhage evacuation (MISTIE) was a ran-
domized, controlled phase II trial that compared
stereotactic aspiration with fibrinolytic agents
and conservative medical management. The
investigators found that this specific procedure
had a 14% improvement among people with a
mRS of 0-2. This subgroup of patients had 38
fewer days in the hospital. Also, 14% less
MISTIE patients were in long-term care over the
course of 1 year when compared to patients
receiving conservative medical management.
For patients with a mRS of 0-3, the treatment
effect after 1 year was significant (>10% abso-
lute benefit). These results demonstrate the effi-
cacy and safety of MIS [14]. The investigators of
this trial also found an association between
hematoma evacuation and reductions in perihe-
matomal edema (PHE) (p = 0.658; p < 0.001).
Moreover, PHE is not worsened by rtPA, which
was a concern in previous literature. Although
mortality remained the same in both groups, a
higher incidence of asymptomatic bleeding
occurred in the experimental group [14].

Another trial, Stereotactic Aspiration and
Thrombolysis of Intracerebral Hemorrhage
(SATIH), is an ongoing prospective controlled
study that aims to further reduce the rate of bleed-
ing and mortality, as well as improve long-term
quality of life. Additionally, a MISTIE phase III
trial is currently underway, which will allow for
better assessment of the efficacy and safety of
MIS plus alteplase. The results from MISTIE IIT
combined with ICES II should compare the
effectiveness of endoscopic versus stereotactic
techniques: MISTIE relies on a gentle irrigation
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Brain CT scans before MISPTT

Fig. 11.3 Computed tomography (CT) scans demon-
strate the size of the hematoma on serial axial CT images
of a patient before and after stereotactic aspiration with
thrombolysis. Top images are taken when patient was in a
coma (Glasgow Coma Scale (GCS) score 5) with a large
hematoma (70 mL before minimally invasive stereotactic
puncture and thrombolysis therapy (MISPTT)), and bot-

approach to remove the hematoma by gradual
thrombolysis, while ICES illustrates the mechan-
ically aggressive procedure that removes the
hematoma right away [12].

11.3 Decompressive Craniectomy

Not all surgical approaches necessarily aim to
remove hematoma clot: DC without hematoma
evacuation could be beneficial in selected cases
of ICH (Fig. 11.1d). Removing a bone flap and
opening the underlying dura enables the brain to
expand, addressing mass effect and ICP without
the additional tissue insult experienced in crani-
otomies [11]. Though randomized data are still
lacking, DC could prevent some deaths; how-
ever, many of the people whose deaths are pre-
vented may be left with very serious disability.
Concerns around DC also include the increase in

tom CT scans of the same patient were during conscious-
ness (GCS score 14) 2 weeks after MISPTT. CT scans
2 weeks after MISPTT showed amelioration in hematoma
volume and edema in the surrounding brain compared
with that prior to MISPTT. The patient was self-sufficient
1 year after onset. Adapted by permission of Journal of
Neurology [13]

PHE that often occurs following surgery [15].
Although an increase in PHE typically results in
worse outcome, researchers are uncertain as to
whether other not this holds true following DC
[15]. DC is suggested to be feasible and may be
safe with a specific subset of patients: those with
supratentorial ICH [16]. One study illustrated
those with conservative treatment were 3.643
times more prone to develop poor outcome than
the supratentorial ICH DC group, which was sta-
tistically significant (95% CI, 1.040-13.047; p
value <0.05) [17]. The AHA/ASA suggest DC
might reduce mortality for patients with supra-
tentorial ICH who are in a coma, have large
hematomas with significant midline shift, or
have elevated ICP refractory to medical manage-
ment [6]. With promising claims in retrospective
studies, investigators agree that randomized con-
trolled trials are justified. Ongoing randomized,
controlled trial, SWITCH, is a currently seeking
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to determine whether decompressive surgery and
best medical treatment in patients with spontane-
ous ICH will improve outcome compared to best
medical treatment only.

11.4 Timing

Data on the ideal timing of surgical procedures
following ICH remains mixed. Standard care
does not recommend routine evacuation of supra-
tentorial ICH in the first 96 h; however, some evi-
dence suggests sooner surgery may be beneficial.
STICH II recommends surgery within the first
21 hours post-ictus [10]. Additionally, an indi-
vidual patient meta-analysis of 2186 patients
from 8 trials of surgery for ICH found that sur-
gery improved outcome if performed within
8 hours of hemorrhage [6]. The 2014 guidelines
from the European Stroke Organisation state that
early surgery may be beneficial for patients with
a GCS of 9-12 [5, 6, 18]. Deterioration of con-
sciousness could be due to mass effect from the
hematoma or cerebral herniation [6, 11]. No clear
evidence at present indicates that ultra-early
(within 4 h) removal of the supratentorial ICH
improves functional outcome or mortality; a very
early craniotomy may be harmful due to increased
risk of recurrent bleeding [19]. MIS may facili-
tate an earlier evacuation of ICH than is possible
or practical with conventional craniotomy [20].

Conclusion

Currently, standard care is medical manage-
ment with delayed surgery if necessary [21].
Surgical procedures are performed to (1)
restrict hemorrhage expansion, (2) manage
PHE and increased ICP, or (3) address ventric-
ular extension of hemorrhage and hydrocepha-
lus. The latest guidelines for the management
of ICH from the AHA/ASA included PubMed
searches through August 2013. Since then,
new retrospective and prospective studies on
surgical indications and developing approaches
justified the ongoing randomized, controlled
trials in progress. STICH failed to illustrate a
significant difference between groups under-
going craniotomy versus conservative treat-

ments, but most recent studies look specifically
at MIS, which show promising potential
mainly due to its less invasive nature. Standard
care can be dramatically altered as new infor-
mation is  published regarding MIS.
Controversial data regarding surgical proce-
dures for ICH could be due to the heterogene-
ity of ICH. Moving forward, very specific
studies regarding location and type of hemor-
rhage would be beneficial.
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12.1 Introduction

Ruptured aneurysms, if left untreated, have been
known to result in dismal clinical outcomes. The
mortality rate in these cases is 30-60% within
6 months. Among the risk factors for poor clini-
cal outcomes [1, 2], rebleeding is one of the most
influencing factors. Rebleeding occurs most fre-
quently during the first day of initial bleeding in
approximately 10-20% of cases, and 50% of rup-
tured aneurysms rebleed within 6 months,
although rebleeding decreases after the first day
[3, 4, 5]. Rebleeding is a manageable factor, and
management reduces mortality and improves
prognoses, and it is therefore a major treatment
target. However, there is currently no effective
medical treatment for this condition, and surgical
or endovascular interventions are the only meth-
ods available to prevent rebleeding [6]. In the
past century, the chronicle of main events related
to these surgical techniques include the follow-
ing: Dr. Norman Dott performed the first
wrapping of a ruptured aneurysm in 1933 [7];
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Dr. Walter Dandy performed the first neck
clipping of a ruptured posterior communicating
artery (PCoA) aneurysm using a silver clip [8];
and the introduction of microscopy in the 1960s
was a critical contributor to dramatic improve-
ments in surgical techniques and outcomes [9].

Meanwhile, endovascular intervention became
one of major treatment modalities soon after the
invention of the detachable platinum coil by Dr.
Guido Guglielmi in 1990 and the Food and Drug
Administration’s approval of the procedure in
1995 [10]. In its first randomized controlled
study, the International Subarachnoid Aneurysm
Trial in 2002 [11], coil embolization proved com-
parable to surgical clipping. The one-year mor-
bidity and mortality rates were significantly
lower in the coil embolization group than in the
surgical clipping group (23.7% vs. 30.6%,
p = 0.0019) [10], and the results of a midterm
follow-up study were the same as the I1-year
results (23.5% vs. 30.9%, p = 0.0001) [12].
Although there was some criticism regarding the
results obtained during the early period, the supe-
riority of coil embolization over surgical clipping
in terms of clinical outcomes was acknowledged,
even after the lower angiographic outcomes and
higher rebleeding rates observed in the coil
embolization group were considered. Coil embo-
lization therefore is recommended by clinical
guidelines around the world as the first treatment
modality if both coil embolization and surgical
clipping are available [6, 13—15].
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Flow of SAH surgery

Brain relaxation Dissection and parent artery control

* Large craniotomy or * Saline irrigation

craniectomy
* CSF draining: EVD .
* Hematoma evacuation o
* Brain parenchyma resection « Drilling bony structures
* Cervical ICA clipping
* Endovascular temporary trapping

* Bypass surgery

* The removal of the subarachnoid blood clot
Temporary clipping of the parent artery (if needed)
Proximal and/or distal control of the parent artery

* Wrapping or adjuvant coil embolization
. * Micro-Doppler

Clipping technique

* Selection of an appropriate aneurysm clip
ICG fluorescence angiography
Intraoperative cerebral angiography

* Endoscope

* Mirror

Fig. 12.1 A schematic diagram showing general surgical techniques of subarachnoid hemorrhage (SAH). CSF cere-
brospinal fluid, EVD extraventricular drainage, /CA internal carotid artery, /CG indocyanine green

Nonetheless, surgical clipping is still recom-
mended as the first line when surgical results are
better than coil embolization in certain institu-
tions; in patients younger than 40 years old; in
aneurysms with a complex configuration, such as
a wide neck or branches arising from the sac,
those too small to perform a coil embolization,
and those with a mass effect due to size; in hema-
tomas accompanied by high intracranial pressure
(ICP); and cases in which an endovascular
approach is not feasible because of vessel tortu-
osity or atherosclerotic vessel wall changes [6,
13, 14]. In this chapter, we examine the surgical
techniques used to treat ruptured cerebral aneu-
rysms (Fig. 12.1).

12.2 General and Basic Surgical
Techniques

12.2.1 Brain Relaxation

The most important goal during surgery for a
ruptured cerebral aneurysm is brain relaxation,
which allows enough room to be made for the
microscope to view and for surgical instruments
to access the affected area. Ruptured aneurysms
are always accompanied by variable states of
brain swelling, and specific procedures are
needed to achieve adequate brain relaxation and
space to perform the surgery. These procedures
consist of a large craniotomy or craniectomy,
draining the cerebrospinal fluid (CSF), evacuat-
ing any associated hematoma, and resecting the
brain parenchyma. Among these, CSF drainage
is the easiest and most effective method for
reducing ICP and relaxing brain swelling.
Performing a subarachnoid dissection toward

the aneurysms can by itself achieve enough CSF
drainage and brain relaxation to perform the sur-
gery. However, this procedure usually takes
time, and rapid CSF drainage can be more effec-
tively performed using ventricular drainage.
Inserting an external ventricular catheter or lum-
bar catheter to achieve CSF drainage can be per-
formed via a small burr hole in some safety
zones or via a lumbar puncture that is made
before the craniotomy. In addition, CSF drainage
can be achieved through a transcortical puncture,
such as Paine’s point, after the craniotomy and
dural opening have been performed or through
an opening in the lamina terminalis or cisterna
magna during an approach to the aneurysm
through the subarachnoid dissection.

12.2.2 Dissection and Parent
Artery Control

Because subarachnoid hemorrhage (SAH) itself
makes it difficult to identify vessels and cranial
nerves, surgeons should be familiar with struc-
tures of intracranial vessels and should carefully
dissect the subarachnoid space to avoid injuring
them. Saline irrigation and the removal of the sub-
arachnoid blood clot are helpful for identifying
and dissecting neurovascular structures. Major
vessels are not as difficult to identify and safely
dissect. However, it is easy to damage small per-
forators during the dissection. Therefore, dissec-
tion should be performed through the bare side of
the major vessels, from which perforators do not
arise. For example, perforators from the anterior
(ACA) and middle cerebral (MCA) arteries usu-
ally arise from the posterosuperior wall of the par-
ent artery facing the brain parenchyma, and
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dissections performed through the anteroinferior
wall should therefore be safe. As the ruptured
aneurysm closes during the subarachnoid dissec-
tion, temporary clipping of the parent artery could
be needed to achieve proximal or distal control.
Marking the clipping point on the parent artery is
sometimes helpful because it allows for prompt
and appropriate temporary clipping without caus-
ing perforator damage in a situation such as
rebleeding.

Proximal and/or distal control of the parent
artery is essential in a surgery for ruptured aneu-
rysms in order to prevent rebleeding or minimize
the amount of bleeding. One of the important fac-
tors to consider when choosing a surgical
approach is the convenience of controlling the
parent artery. Proximal control of the parent
artery is usually enough to perform permanent
clipping of the ruptured aneurysm. However,
temporarily trapping the parent artery is some-
times needed in cases in which a considerable
amount of bleeding has occurred, such as aneu-
rysms arising from the internal carotid artery
(ICA) and those with retrograde flow via collater-
als or in cases requiring the surgeon to precisely
dissect large/giant aneurysms or complex struc-
tures under a clear microscopic view. Proximal
control is not easy to achieve in paraclinoid ICA
and posterior circulation aneurysms because of
bony structures, such as the anterior and posterior
clinoid process, jugular tubercle, and petrous
bone. Hence, drilling in these bony structures is
needed to achieve proximal control. When drill-
ing bony structure is not enough for proximal
control, other alternatives, such as temporary
clipping at the cervical ICA and endovascular
temporary trapping, can be considered. For large
or giant paraclinoid ICA aneurysms, in which
drilling the anterior clinoid process is not enough
to expose the proximal ICA, exposing the cervi-
cal ICA is a good alternative. Recently, it has
been shown that transient endovascular trapping
of the parent artery can be performed using a bal-
loon catheter in a hybrid operating room.

Clipping of complex aneurysms, such as dis-
secting, giant thrombosed and atherosclerotic
aneurysms, is more time-consuming and difficult
than clipping normal aneurysms. Therefore,

bypass surgery could be required for flow resto-
ration and to prevent ischemic insult during the
temporary clipping of complex aneurysms.
Preoperative balloon test occlusion and intraop-
erative methods, such as intraoperative physio-
logic monitoring, indocyanine green (ICG)
angiography, cerebral angiography, and micro-
Doppler, are helpful for evaluating perfusion sta-
tus and determining whether bypass surgery is
needed.

12.2.3 Clipping Techniques

A general practice during aneurysm clipping is to
clip the neck through the closure line and parallel
to the long axis of the neck along the parent artery
using a clip blade that is 1.5 times longer than the
aneurysm neck. Some considerations should be
taken into account when selecting an appropriate
aneurysm clip. These include the size and shape
of the aneurysm itself in addition to the spatial
relationships among the aneurysm, parent artery,
and brain and the clip. Clipping perpendicular to
the long axis of the neck can compromise the par-
ent artery, the neck remnant or sac, and the neck
tear. However, when clipping perpendicular to
the long axis of the neck is unavoidable because
of the surgical approach and the geometry of the
aneurysm and parent artery, the clipping should
be carefully performed using the following tech-
nical tips in order to prevent neck tearing and
bleeding: lowering aneurysmal pressure by prox-
imally or distally controlling the parent artery
using temporary clips and intentionally retaining
a small piece of the neck.

When rebleeding occurs before the adjacent
neurovascular structures are identified and before
complete clipping has been performed, hasty
clipping without identifying the exact rupture
point should be avoided because inaccurate clip-
ping can make the rupture point larger and result
in a more severe situation. In such a situation, the
surgeons should calmly perform a temporary
clipping combined with suction using multiple
suction catheters or compression with cottonoid
over the rupture point until the rupture point and
essential adjacent anatomy are clarified.
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Some aneurysms are difficult to completely
clip because of their fusiform configuration and
aneurysmal changes that occur in the parent
artery itself. Retaining a small part of the aneu-
rysm is better than symptomatically compromis-
ing the parent artery. Wrapping and adjuvant coil
embolization are good alternatives. However, a
wrapped remnant or a coil embolization should
be routinely followed up because of the possibil-
ity of regrowth or recurrence and rebleeding [22].

Although aneurysms with atherosclerotic
walls appear complete after clipping, some such
situations are problematic. These include persis-
tent inflow into the sac and a compromised parent
artery. When the atherosclerosis is not even, the
aneurysm walls are completely occluded in some
sections and incompletely occluded in the others,
through which intra-aneurysmal flow continues.
Therefore, ICG fluorescence angiography and
intraoperative cerebral angiography are helpful,
and additional clips can be considered selectively
or routinely based on the findings. Complete clip-
ping of the atherosclerotic aneurysm on the
microscopic view is sometimes accompanied by
stenosis or occlusion of the parent artery because
of intraluminal atheroma. Hence, performing
redundant clipping while leaving a little space at
the neck is advisable, and some tools, such as
micro-Doppler and intraoperative angiography,
are helpful for detecting changes in flow and
identifying intraluminal stenosis.

Clip slippage sometimes occurs in large aneu-
rysms or those with atherosclerotic walls. For
example, high intra-aneurysmal pressure within the
sac can push out the clip. Therefore, using a rein-
forcing clip, using clips with a higher closing force,
or using multiple clips can be useful. When a thick
atheroma involves a part of the aneurysm, clipping
the softer wall without parent artery compromise
can be considered because the thick and hard ath-
erosclerotic wall has a very low risk of rupturing.

Even when completely clipping the ruptured
aneurysm is considered, a close inspection of the
region around the clipped aneurysm using ICG
fluorescence angiography, intraoperative angiog-
raphy, micro-Doppler, an endoscope, and a mirror
is recommended because incomplete structures,
such as a remnant aneurysm or a compromised

perforator or parent artery, are commonly
observed when treating ruptured aneurysms.

As the role of endovascular intervention has
become larger and surgical roles have become
smaller, difficult cases that cannot be treated
using endovascular interventions have tended to
be increasingly referred to surgical teams. In
addition to the previously mentioned routine
clipping techniques, other surgical techniques
that require a great deal of skill, such as bypass
and trapping, aneurysmorrhaphy, and direct
puncture/suction decompression and reconstruc-
tive clipping, are needed to treat rare but complex
aneurysms, including dissecting, blood blister-
like, large or giant, thrombosed and atheroscle-
rotic aneurysms. Hence, while the roles of
surgeons are decreasing, the training of key sur-
geons should continue.

12.3 Specific Considerations [16-21]

12.3.1 Aneurysms Arising
from the ICA

Among ICA aneurysms, in extradural aneu-
rysms, conservative observation is recom-
mended unless the aneurysm causes a mass
effect or ruptures because the extradural origin
is associated with too low a risk of bleeding
[23]. The treatment indications in ICA aneu-
rysms include intradural paraclinoid ICA aneu-
rysms with ophthalmic involvement, superior
hypophyseal artery aneurysms, PCoA aneu-
rysms, anterior choroidal artery (AChA) aneu-
rysms, and blood blister-like aneurysms. Most
paraclinoid ICA aneurysms can be treated using
endovascular interventions. However, surgical
treatment is considered in cases with a high
probability of ophthalmic artery compromise
and no collaterals and those with aggravation of
cranial neuropathy caused by a mass effect on
adjacent cranial nerves. Precautions, such as
temporary clipping or trapping, multiple suc-
tion, and temporary cardiac arrest, should be
always taken in consideration to combat intra-
procedural rebleeding because bleeding from
the ICA is quite substantial. When there is little
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room to place a clip to achieve proximal control,
drilling into the anterior clinoid process or
exposing the cervical ICA are needed. When a
long temporary clipping time is expected,
whether collateral flow via the anterior commu-
nicating artery (ACoA) and PCoA is possible
should be checked, and a donor artery for bypass
surgery should be prepared in case it is needed
to prevent ischemic injury during temporary
flow interruption. When clipping an aneurysm
arising from the superior hypophyseal artery,
preserving the artery is important because it
supplies the inferior part of the optic nerve, and
an injury in this location can cause partial visual
defects on the superior part of the affected side.
The direction of the aneurysm is one of the
determinants that should be considered when
selecting the surgical approach and clip design
because the proximal ICA is trapped within the
anterior clinoid process, and there is little oppor-
tunity to deviate and manipulate the ICA
(Fig. 12.2). Wide-necked paraclinoid ICA aneu-
rysms that grow toward the true medial side are
very difficult to clip via a routine pterional
approach because of the way conventional clips

ClinSeg

COM

Fig. 12.2 Operative views of clinoidal segment aneu-
rysms. (a) Anterolateral variant. (b) Medial variant. OS
optic strut, OphArt ophthalmic artery, DR dural ring, AN

are designed. In these cases, fenestrated clips
with a blade rotated toward the aneurysm neck
or a craniotomy that exposes the more inferior
part of the middle cranial fossa should be con-
sidered to make clipping more convenient and
to reduce the risk of neck tear and neck
remnant.

When clipping aneurysms arising from the
PCoA and AChA, preserving these arteries is the
most important goal. Some tactics should be taken
into consideration, such as clip direction and the
distance between the clip and aneurysm neck or
branching arteries because clip torsion or slippage
caused by brain expansion/swelling and high
blood pressure in the ICA can cause delayed com-
promise of the parent artery and neck remnant.
Sometimes, a few branches of the PCoA and
AChA arise from the ICA, and these should be
closely inspected and preserved without injury.
When an aneurysm adheres to the oculomotor
nerve, meticulous dissection and detachment is
important to prevent additional oculomotor injury.
Certain aneurysms that arise from the PCoA and
AChA are hard to identify because they are
located on the side opposite to the microscopic

SupHypArt

OphSeg

aneurysm, SupHypArt superior hypophyseal artery,
OphSeg ophthalmic segment, ClinSeg clinoidal segment,
COM carotid-oculomotor membrane
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view. In addition, branches, such as the PCoA and
AChA, and perforators, such as the medial len-
ticulostriate artery and superior hypophyseal
artery that arise from the medio-inferior wall of
the ICA, are also difficult to identify. In such
cases, a mirror or endoscope is useful and some-
times essential for preventing compromise of the
branching arteries and rebleeding during blind
clipping.

In cases of ICA bifurcation aneurysms, poste-
riorly directed cases are difficult to clip because
they are in the space opposite to the microscopic
view and the medial lenticulostriate arteries aris-
ing from the posterosuperior wall of ICA. It is not
easy to detach the perforators from the sac to
make a room for a clip blade. In addition, incom-
plete clipping and clipping in compromised
perforators are frequent. Therefore, closely
inspecting the region using a mirror, endoscope,
ICG fluorescence angiography, and intraopera-
tive angiography is essential for complete and
safe clipping.

12.3.2 Aneurysms Arising
from the MCA

MCA aneurysms consist primarily of M1, MCA
bifurcation, and M2 aneurysms (Fig. 12.3). MCA
aneurysms have the following characteristics:
this is the most common site of ruptured aneu-
rysms, they are complex vascular structures, they
develop draining veins, the lateral lenticulostriate
artery is a major perforator, and it is clinically
important to supplying the major functional cor-
tex. Surgical clipping is relatively more fre-
quently recommended than endovascular inter-
vention in these cases because of their complex
vascularity, their tendency to have a wide-necked
configuration, and the lack of difficulty in finding
a surgical approach [6]. However, during surgical
clipping of MCA aneurysms, it is easy to com-
promise or distort the parent arteries with the
clip. Therefore, the state of blood flow and neuro-
logical function should always be checked using
micro-Doppler, ICG angiography, intraoperative
physiological monitoring, and angiography.
Because brain swelling generally accompa-
nies an SAH, CSF drainage is very important to

Fig. 12.3 Pterional craniotomy for approach to middle
cerebral artery and anterior communicating artery
aneurysms

make room for the dissection and to control the
ICP. A sylvian dissection is not sufficient for
achieving effective CSF drainage and brain
relaxation. Instead, ventricular catheter insertion
can be rapidly and effectively performed through
Paine’s point or the lamina terminalis. A preop-
erative evaluation of the structures of the sylvian
fissure using cerebral angiography and
T2-weighed magnetic resonance imaging is
informative. The final location of the sylvian dis-
section is determined based on the subarachnoid
space, the relationship between the frontal and
temporal lobes, the amount of SAH, and the
development of sylvian veins. Preserving the
draining veins during dissection is very impor-
tant but is not easy to achieve because of the
SAH itself. Especially in cases with thick syl-
vian SAH, too meticulously removing the hema-
toma can result in damage to the draining veins
and consequentially exaggerated brain swelling.
Compression is better than coagulation for con-
trolling venous bleeding. Intermittent releasing
the retractor is important because long-term
retraction can cause brain swelling as a result of
retraction injury and venous compromise.
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Retracting the temporal lobe is usually better
than retracting the frontal lobe because of prob-
able parenchymal injury and neurological
sequelae.

When clipping M1 aneurysms, preserving the
lenticulostriate artery is the most important goal.
Aneurysms embedded in the frontal lobe and
those positioned high or posteriorly directed
should be carefully dissected, and the surround-
ing structures should be checked to avoid, as
much as possible, injuring the brain parenchyma
and perforators.

Except for proximal M2 aneurysms, sylvian
dissection is difficult because the subarachnoid
space is very narrow and the frontal and temporal
lobes are usually tightly adhered at this location.
In addition, locating these aneurysms is not easy
because MCA branches are complex and the
aneurysms are embedded within the deep insular
cortex. Hence, preoperative angiographic find-
ings should be carefully reviewed, and intraop-
erative navigation systems are recommended
because they are very useful for locating these
aneurysms.

12.3.3 Aneurysms Arising
from the ACA

Aneurysms arising from the ACA include those
most frequently located at the ACoA and distal
ACA. ACoA aneurysms are usually clipped via
the lateral approach, such as conventional pteri-
onal (Fig. 12.3) and supraorbital keyhole crani-
otomy, or an anterior interhemispheric approach
(Fig. 12.4). The approach side is determined
based on the laterality of the dominant proximal
ACA, the aneurysmal geometry (e.g., its size,
direction, and associated perforators),
hemispheric non-dominance, and the location of
associated hematoma. Most affected cases can be
treated via the lateral approach. However, an
anterior interhemispheric approach would be
advantageous for high-positioned and posteriorly
directed cases in order to preserve perforators
and secure a clear surgical view (Fig. 12.4). An
anterior interhemispheric approach has an advan-
tage in that it can be used to identify the
H-complex and posteriorly hidden perforators.

Fig. 12.4 Interhemispheric approach for aneurysms in
the distal anterior cerebral artery

However, it also has a disadvantage in that it can
result in frontal lobe injury during dissection,
bilateral olfactory nerve injury, and a deep surgi-
cal field. When using a pterional approach, CSF
can be effectively drained after the lamina termi-
nalis is opened, and focal aspiration of the non-
functioning rectus gyrus is helpful for exposing
deep or high-positioned large aneurysms.
Minimizing frontal lobe retraction with bone
exposure as close to the skull base as possible is
important, and dissecting the olfactory nerve is
sometimes needed to prevent nerve injury.
Preserving the perforators from the ACA and
ACoA, including the recurrent artery of Heubner
and the medial lenticulostriate artery, is very
important because these vessels supply the hypo-
thalamus, fornix, caudate nucleus, and anterior
limb of the internal capsule. Because ischemic
changes in such areas cannot be detected using
intraoperative physiological monitoring, it is
important to use direct visual inspection with the
assistance of ICG or intraoperative angiography
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and micro-Doppler. Because the vessels sur-
rounding the ACoA are complex and their
perforators well developed, it is necessary to use
a variety of shapes of clips.

Distal ACA aneurysms are usually clipped via
a bicoronal incision, a parasagittal craniotomy,
and an interhemispheric approach. The side from
which the interhemispheric approach is made is
determined based on the bridging veins that tra-
verse the brain and superior sagittal sinus.
Preoperative magnetic resonance imaging or
cerebral angiography and intraoperative naviga-
tion systems are useful for choosing the approach
side. The superior part of the medial frontal lobe
is loosely adhered to the falx and the contralateral
medial frontal lobe, making this a less difficult
dissection. However, the anterior and inferior
parts of the bilateral medial frontal lobe are
tightly adhered, and the medial frontal lobes are
prone to damage. Hence, anterior and inferior
interhemispheric dissections should be carefully
performed because the medial frontal lobe is
associated with memory functions. Unlike rup-
tured aneurysms located in other parent arteries,
it is very possible to reach the ruptured sac before
exposing the proximal parent artery because of
the anatomical characteristics of the interhemi-
spheric approach. Therefore, when the aneurysm
is nearly exposed, a careful dissection should be
performed, and the surgeons should try to iden-
tify the proximal part of the parent artery in order
to exert proximal control. The distal ACA is fre-
quently smaller in size than the aneurysm, and
the ACA is therefore easily compromised after
clipping. The use of a mini-clip is advantageous
in such situations. During the dissection, it is
advisable to preserve and avoid compromising
the perforators from the distal ACA to the corpus
callosum or medial frontal lobe and the calloso-
marginal artery that supplies the motor cortex.

12.3.4 Aneurysms Arising
from the Posterior Circulation

Posterior circulation aneurysms account for
approximately 10% of cerebral aneurysms, rela-
tively frequently have a fusiform shape and are
dissecting type. Endovascular intervention is

Fig. 12.5 Orbitozygomatic approach for aneurysms in
the basilar bifurcation, superior cerebellar and posterior
cerebral arteries. Red line: skin incision

usually recommended as the first-line treatment
option because of the difficulty of accessing the
deep skull base, close proximity to the brainstem
and lower cranial nerves, variable vascular anat-
omy, high rebleeding risk, and surgical complica-
tion rate. However, a surgical approach would be
appropriate for giant and thrombosed aneurysms
with a mass effect and those with major branches
or perforators arising from the sac.

Aneurysms at the basilar bifurcation (BB),
posterior cerebral artery (PCA), and superior cer-
ebellar artery (SCA) can be surgically managed
using routine pterional trans-sylvian, orbitozygo-
matic trans-sylvian, and subtemporal transtento-
rial approaches. An orbitozygomatic approach is
suitable for highly positioned BB aneurysms
(Fig. 12.5), and a subtemporal approach is rec-
ommended for BB aneurysms located below the
posterior clinoid process. The trans-sylvian
approach has some advantages in that it reveals
both proximal PCAs and makes a relatively lager
amount of space for the procedure. However, it
also has a disadvantage in that it is difficult to
inspect posteriorly directed perforators and clip
blades, and clipping an anteriorly or posteriorly
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directed cerebral aneurysm is therefore not easy.
On the other hand, when using a subtemporal
approach, perforators are easy to identify, and
clipping anteriorly or posteriorly directed aneu-
rysms is more feasible than when using another
approach. However, the contralateral proximal
PCA is difficult to see, and the exposed space is
narrow, especially in ruptured aneurysms, and the
basal temporal lobe and adjacent nerves, such as
the oculomotor and trochlear nerves, are there-
fore vulnerable to damage.

When using a trans-sylvian approach to reach
BB aneurysms, the following structures are
sequentially passed through: windows made by
the optic nerve, ACA, ICA, and PCoA; the
Liliequist membrane; and the interpeduncular
cistern harboring the BB aneurysms. The acces-
sible windows consist of the optico-carotid tri-
angle (made by the lateral margin of the optic
nerve, the medial margin of the ICA, and the
inferior margin of the ACA), the supra-carotid
triangle (made by the superior margin of the
ACA, the lateral margin of the optic nerve, and
the medial margin of the MCA), and the carotico-
oculomotor triangle (made by the lateral margin
of the ICA, the anterior clinoid process, and the
medial margin of the oculomotor nerve with a
traversing PCoA). Among these, the carotico-
oculomotor triangle is frequently used because it
is a wider space than the others and has a lower
risk of injuring the optic nerve, ICA and ICA
perforators than an approach via the optico-
carotid triangle and a lower risk of injuring the
medial lenticulostriate perforators than an
approach via the supra-carotid triangle.

SCA aneurysms can be approached via the
trans-sylvian and subtemporal routes, and the lat-
ter is usually advantageous because SCA aneu-
rysms are located below the posterior clinoid
process. Making a tentorial incision and opening
the crural and ambient cisterns exposes the SCA
aneurysm. The trochlear nerve is prone to injury
during a tentorial incision. Because it is located
within the subarachnoid space under the arach-
noid membrane, preserving the arachnoid mem-
brane while making a tentorial incision can
protect the nerve. Aneurysms that occur in the
P1, P2, and P3 segments of the PCA can be
accessed by opening the crural and ambient cis-

terns using a subtemporal approach, and those
that occur in the P3 and P4 segments can be
approached by opening the quadrigeminal cistern
using a posterior interhemispheric approach.

Aneurysms arising from the basilar trunk,
anterior inferior cerebellar artery, and vertebra-
basilar junction are the rarest. However, this space
is very narrow and deep, and the perforators
originating from the parent arteries and lower cra-
nial nerves are very complex. Hence, more than
90% of them are treated using an endovascular
intervention rather than surgery. According to the
location, which can range from the BB via the
mid-basilar artery to the vertebra-basilar junction,
the type of approach is selected in the following
order: trans-sylvian, extradural temporo-polar,
subtemporal, anterior petrosal, trans-facial trans-
clival, combined supratentorial and infratentorial,
retro-labyrinthine trans-sigmoid, and far lateral.
Recently, advancements in the endonasal endo-
scopic approach have gradually made it possible
to access deep-seated aneurysms located at the
basilar trunk, SCA, anterior inferior cerebellar
artery, vertebra-basilar junction, proximal poste-
rior inferior cerebellar artery (PICA), and proxi-
mal PCA, ACoA, and paraclinoid ICA in a less
invasive manner [24].

Aneurysms located in the PICA and verte-
bral arteries are generally accessible via the far
lateral approach (Fig. 12.6), and distal PICA
aneurysms can be accessed via the midline sub-

Fig.12.6 Far lateral transcondylar approach for vertebral
artery aneurysm
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occipital  or  retromastoid  suboccipital
approaches. When performing the far lateral
approach, the lower cranial nerves are prone to
damage because the aneurysms can be manipu-
lated by passing the cranial nerves. During the
procedure used to approach proximal PICA
aneurysms, surgeons should be careful not to
injure the perforators when approaching from
the distal vertebral artery and proximal PICA
because there could be lateral medullary syn-
drome. When the jugular tubercle disturbs the
surgical view, drilling the jugular tubercle and
the medial one-third of the occipital condyle
should be considered. In cases in which the
aneurysm involves the PICA itself, sacrificing
the involved portion of the PICA is sometimes
considered. In such a situation, preserving the
perforators originating from the PICA and
restoring flow with bypass surgery, such as
occipital artery-PICA or PICA-PICA micro-
anastomoses, should be considered. When the
preservation of the perforators cannot be guar-
anteed, performing a PICA segment occlusion
without bypass surgery may be a good less
invasive option because the territory of the dis-
tal PICA is usually supplied by the leptomenin-
geal collaterals, and the clinical symptoms
caused by the infarction of the unilateral PICA
territory can be recovered.

Conclusion

As the devices and techniques of endovascular
intervention rapidly develop, endovascular
approach has become the first choice of treat-
ment for the ruptured aneurysms. However,
surgical clipping is still useful for those which
cannot be treated with endovascular interven-
tion or those for which surgery is more advan-
tageous, and complex cases that needed highly
skilled surgical techniques are relatively
increasing. Advanced support systems are
used in order to reduce surgical complica-
tions, and less invasive surgical approaches
such as keyhole or endoscopic approaches are
increasing in order to shorten the operation
time and achieve the satisfactory cosmetic
results. As the surgical cases are decreasing,

experienced neurovascular surgeons are also
decreasing. So, it is considered to organize the
international training system and share the
surgical experience in order to maintain rare
but experienced surgeons.
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in Hemorrhagic Stroke

Chae Wook Huh, Duk Ho Gho, and Sung-Chul Jin

13.1 General Principles

13.1.1 Overview

Angiographic intervention has an important role
in the diagnosis and treatment of hemorrhagic
stroke. In terms of diagnostic tools, conventional
cerebral angiography remains the gold standard
for the diagnosis of ruptured vascular lesions,
such as intracranial aneurysms, arteriovenous
malformations (AVMs), and dural arteriovenous
fistulas (dAVF). In addition, for intracerebral
hematomas in young patients or those without
identifiable risk factors, conventional cerebral
angiography should also be performed to exclude
the possibility of occult vascular lesions.
Furthermore, substantial advancements in endo-
vascular surgery are accelerated by various fac-
tors, including rapid advances in imaging
technology, continued medical device develop-
ment, and technical improvements. As a result,
the competence of angiographic intervention in
the management of hemorrhagic stroke has pro-
gressed from an alternative to surgery for inac-
cessible intracranial lesions or inoperable patients
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to frontline treatment tools. Previously inacces-
sible neurovascular lesions have become treat-
able with these minimally invasive techniques,
with reduced morbidity and mortality using the
angiographic intervention.

The most notable field in angiographic inter-
vention is the treatment of intracranial aneu-
rysms. Surgical treatment of intracranial
aneurysms can, in most cases, achieve complete
elimination of the aneurysm without compromis-
ing the parent vessel or adjacent perforators.
However, several risk factors might increase the
risk of morbidity and mortality. These factors
include the aneurysm size, morphology, and
location. The age, neurological status, and medi-
cal comorbidities of the patient also play a role.
According to the International Subarachnoid
Aneurysm Trial (ISAT), patients with subarach-
noid hemorrhage fare better with coil emboliza-
tion than with surgical clipping [1]. More
recently, the Barrow Ruptured Aneurysm Trial
also showed better outcomes of coil embolization
compared with those of surgical clippings [2]. In
recent decades, endovascular coiling was also
limited by the aneurysm morphology and adja-
cent vascular structure, and the introduction of
balloon- or stent-assisted techniques reduced the
area of the “uncoilable” aneurysm. More recently,
a new generation of endovascular devices — the
flow diverter — became available. Wide-necked
large, giant, and blood-blister aneurysms are
treated with the flow diverter by mechanisms of
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flow redirection and neoendothelialization across
the aneurysmal neck [3-5].

In the field of AVM and dAVF, endovascular
surgery can be used individually or as part of
multimodal treatments with stereotactic radio-
surgery and surgical resection. While surgical
resection remains the most definite treatment
option, embolization can achieve total AVM
occlusion in selected AVM patients with deep
located small-sized AVMs [6]. In addition, for
carotid-cavernous fistula and other forms of
dAVF, endovascular surgery is a good treatment
option. Several embolic materials are available,
including n-butyl cyanoacrylate, polyvinyl alco-
hol, and Onyx, which are appropriate embolic
materials that can be used in individual cases.

13.1.2 Preoperative Evaluation

The operators should identify the patient’s gen-
eral and neurological status. A review of the med-
ical records, including medical comorbidities
(hypertension, diabetes mellitus, cardiac disease,
chronic kidney disease, and allergic history), his-
tory of antiplatelet and anticoagulant medica-
tions, and previous computed tomography (CT)
and magnetic resonance image (MRI), is neces-
sary. Laboratory evaluation including kidney
function (BUN/creatinine) is essential. If
impaired renal function is identified, the use of
nonionic contrast agents, procedural hydration,
and pretreatment with sodium bicarbonate or oral
N-acetylcysteine should be considered. The oper-
ator should also be in a position to recognize and
manage acute hydrocephalus and intracranial
hypertension.

13.1.3 Preparation for Endovascular
Surgery

During the perioperative period of hemorrhagic
stroke, an emergent situation can often be
encountered. To control blood pressure, inotropic
agents (dopamine or phenylephrine) or antihy-
pertensive  agents should be prepared.
Anticoagulant status is critically important for

successful endovascular surgery, with systemic
heparinization needed. Likewise, protamine sul-
fate for rapid reversal of the heparin effect also
should be prepared in case of intraprocedural
rupture. If an adjuvant procedure (balloon or
stent-assisted techniques) is expected, 300 mg of
clopidogrel can be administered, with intrave-
nous aspirin considered on a case-by-case
manner.

13.1.4 Anesthesia and Monitoring

Most endovascular surgeries are performed under
general anesthesia. In some circumstances, such
as a high risk of general anesthesia, conscious
sedation may be acceptable. An arterial line is
placed in the radial artery to closely monitor the
patient’s blood pressure, and anesthesiologist is
aware of the need to avoid blood pressure fluctua-
tion. Arterial oxygen saturation and cardiac
rhythm are monitored during the procedure. For
the early detection of neurological deterioration,
neuro-monitoring such as somatosensory-evoked
potential (SSEP) and motor-evoked potential
(MEP) can be prepared.

13.1.5 Conventional Cerebral
Angiography (Fig. 13.1)

All endovascular surgery should be performed in
the angiography suite with biplane digital sub-
traction and fluoroscopic imaging capabilities.
Many vascular neurosurgical diseases that were
previously treated as high risk in the operating
room can now be safely treated in the angiogra-
phy suite. However, prior to endovascular sur-
gery of hemorrhagic stroke, satisfactory cerebral
angiography should be performed.

Conventional cerebral angiography is critical
to determine the optimal treatment for hemor-
rhagic stroke. For planned coil embolization of
ruptured intracranial aneurysm, three-dimen-
sional rotational reconstructive image is neces-
sary to accurately assess the aneurysm
morphology and location, including its size,
geometry, dome to neck ratio, and relationship to
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Fig. 13.1 A schematic representation of the coil embolization system

the parent vessel and involved arterial branches,
so that working views can be planned appropri-
ately. Furthermore, for the treatment of AVM or
dAVF, conventional cerebral angiography can
also provide highly detailed information regard-
ing the anatomic features in all phases, including
points of fistulous connections, associated aneu-
rysms, nidus size, and arterial and venous flow
patterns necessary for utilizing the Spetzler-
Martin grading scale, but they can also provide
important hemodynamic information regarding
dominant arterial filling and pedicle arrange-

ments. Therefore, preoperative conventional
cerebral angiography should be of sufficient
quality to characterize vascular lesions. In the
case of large and giant aneurysms, AVM, and
dAVF, it is essential to evaluate both external
carotid arteries.

Furthermore, the operator makes the overall
technical decision based on the angiographic
details. Selection of the diameter and system of
guiding catheter, angle and number of microcath-
eters, and planned adjuvant technique (balloon or
stent assist) are planned carefully.



182

C.W.Huhetal.

Ultimately, if endovascular surgery is
planned, an immediate preoperative angiography
is necessary to evaluate the vascular anatomy
and to ensure the appropriateness of the planned
procedure.

13.1.6 Intraprocedural Management

The operator should be aware and prepared to
acutely manage intraprocedural complications,
such as thromboembolic complications, intrapro-
cedural aneurysm rupture, misplaced or herni-
ated embolic materials, flow-limiting vasospasm,
arterial dissection, and arterial rupture.

If intraprocedural complications are detected,
a detailed review of angiographic image and
immediate management should be performed.
Pretreatment angiographic images of the lesions,
parent vascular tree, and capillary blush are man-
datory to evaluate intraprocedural complications.
Emergency cross-sectional imaging must be
available if a procedure-related complication
occurs or is suspected.

A thromboembolic event is major complica-
tion of endovascular surgery, so systemic hepa-
rinization is necessary. With any endovascular
surgery, it is crucial to employ proper anticoag-
ulation to minimize the risk of thromboembolic
complications, but heparin may not be adminis-
tered for hemorrhagic stroke, especially in the
situation of aneurysmal SAH due to risk of
rebleeding. Systemic heparin is usually with-
held until at least the framing coil has been
deployed into the ruptured aneurysm [7]. A con-
tinuous catheter flushing system is also impor-
tant for prevention of flow stasis and
thromboembolism. A commonly used system
for continuous flushing is the Tuohy-Borst
Y-valve setup, which provides a constant stream
of heparinized flush (3000-6000 units per liter)
using a pressurized bag at rate of 150-200 mL
minimum per hour. The operator should check
the patient’s anticoagulant status and mainte-
nance of the flushing system.

Intraprocedural aneurysm rupture and arte-
rial perforation during endovascular surgery
have continued to be devastating complications.

If such complications occur, immediate man-
agement should be performed, including rapid
heparin reversal, use of a temporary occlusion
balloon to tamponade the bleeding site, and
rapid aneurysm occlusion. In the case of mas-
sive intracranial hematoma or acute hydroceph-
alus, emergency computed tomographic imaging
should be used to identify the problem, and
emergent ventriculostomy may be performed in
a case-by-case manner [8].

13.2 Principles of Angiographic
Intervention in SAH

13.2.1 Brief Concept of Coil
Embolization in the Acute
Phase of SAH

In the acute phase of SAH, urgent treatment of
ruptured aneurysms is recommended because of
the high risk of rebleeding associated with a
poor prognosis. Therefore, therapeutic occlusion
of the ruptured aneurysm is one of the most
important treatment goals of SAH [9].
Endovascular techniques offer the prospect of
reducing the risk of rebleeding without the need
for craniotomy [10]. The ruptured aneurysm is
packed with various coils that block the circulat-
ing blood flow from the parent arteries and
induce thrombosis.

Endovascular techniques are classified into
reconstructive and deconstructive treatments
according to the occlusion of parent artery.
Reconstructive endovascular techniques include
simple coil embolization, balloon-assisted coil
embolization, stent-assisted coil embolization,
and flow diversion. These techniques reduce the
risk of rebleeding by blocking the aneurysm from
the circulating blood flow without occlusion of
the parent artery. Deconstructive endovascular
technique is used to occlude the parent artery
containing the aneurysm and is a viable and dura-
ble solution for certain intracranial aneurysms. In
particular, it has been used for the treatment of
aneurysm involving the vertebrobasilar junction
and posterior cerebral artery when adequate col-
lateral flow is present.
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13.2.2 Simple Coil Embolization

Since Dr. Guglielmi first introduced electrolyti-
cally detachable platinum microcoils in 1990, the
coil embolization technique has been continu-
ously developed with advancements of endovas-
cular devices. Simple coil embolization is the
mainstream technique in endovascular treatment.
Under fluoroscopic guidance, various catheter
systems are navigated from the arterial circula-
tion entrance to the parent artery containing the
ruptured aneurysm. A microcatheter is placed in
the aneurysm and progressively filled with vari-
ous types of detachable coils that are suitable for
the shape of the aneurysm. The aneurysm cavity
is first filled with a framing coil. Additional coils
of various sizes, shapes, and softness are filled
until a sufficient packing density is obtained. The
filled coils isolate the aneurysm from the circu-
lating blood flow, and the remaining space is
filled with a thrombus (Fig. 13.2a—d). It is well
known that packing the coils as tightly as possi-

ble is important to avoid recanalization. However,
excessive coil packing may result in intraproce-
dural ruptures, and appropriate packing is
required. It is controversial, but a packing density
(coil volume/aneurysm volume x 100%) of
20-25% has been reported to be effective for
avoiding recanalization [11]. Simple coil emboli-
zation is feasible for aneurysms that have narrow
neck or favorable dome to neck ratio (generally
defined as a neck less than 4 mm in diameter or a
dome to neck ratio greater than 2) (Fig. 13.3), to
hold the coils within the aneurysm cavity.

The multiple catheter technique (Fig. 13.4a) is
a method for treating aneurysms with an unfavor-
able anatomy using two or more catheters. Neck
remodeling techniques, such as the balloon- or
stent-assisted technique, are widely used to treat
aneurysms with a less favorable anatomy.
However, there are some technical difficulties in
performing these techniques. The introduction of
additional devices into small intracranial vessels
may increase the risk of vascular injury, and these

Fig. 13.2 Simple coil embolization technique. Case.
Simple coil embolization technique for the posterior com-
municating artery (PcomA) aneurysm. (a) Initial digital
subtraction angiography (DSA) shows an aneurysm aris-
ing from the origin of PcomA. (b) The frame coil and sub-
sequent coils were deployed through a microcatheter

located in the aneurysm cavity. (¢) Complete occlusion of
the aneurysm was achieved. (d) Post-procedural DSA
shows the treatment result. (e) An illustration of simple
coil embolization. The frame coil is deployed through a
microcatheter located in the aneurysm cavity
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Fig. 13.3 A schematic representation of the dome to
neck ratio (a/b). An aneurysm with a less favorable anat-
omy is usually defined as having a neck larger than 4 mm
or a dome to neck ratio of 2 or less

Fig. 13.4 (a) Multiple catheter coil embolization tech-
nique. Two microcatheters are located in the aneurysm
cavity. The frame coils from each microcatheters interlock
with each other, stabilizing the initial coil frame. (b)
Balloon-assisted coil embolization technique. The balloon
is located across the aneurysm neck and serves as a tempo-
rary supportive scaffold. (¢) Stent-assisted coil emboliza-
tion technique. The stent is placed across the aneurysm

neck remodeling techniques may be unsuitable
for use in aneurysms, such as those with impor-
tant branches arising from the fundus [12]. Baxter
et al. described a double microcatheter technique
for the detachable coil treatment of large, wide-
necked intracranial aneurysms in 1998. In this
technique, the initial coil frame is stabilized with
two coils by interlocking them with each, and it is
based on the concept of securely bracing the coils
adjacent to one another to achieve a stable con-
figuration [12, 13]. The multiple catheter tech-
nique might be helpful when there is evidence of
coil instability or parent vessel compromise dur-
ing embolization of an aneurysm with a wide
neck or unfavorable dome to neck ratio [13].

_—

neck. The stent provides a permanent supportive scaffold
for stabilization of the coil mass. (d) A schematic represen-
tation of stent-assisted coil embolization use by the jailing
technique. Aneurismal catheterization is performed before
deployment of a self-expandable stent across the aneurysm
neck. Thus, the microcatheter is “jailing” between the stent
and the parent vessel wall. (e) A schematic representation
of the flow diversion device across the aneurysm neck
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13.2.3 Balloon-Assisted Coil
Embolization

In the case of aneurysms with a wide neck or
unfavorable dome to neck ratio, simple coil
embolization may jeopardize the patency of the
parent artery because the filled coils cannot be
stabilized in the aneurysm cavity. Moret et al.
first described balloon-assisted coil embolization
in 1997, a technique that provides temporary sup-
portive scaffolding to the neck of these aneu-
rysms by inflation of a compliant microballoon
(Fig. 13.4b) [14]. It prevents the coils from
protruding into the parent artery and leads to
higher packing densities and more effective par-
ent vessel reconstruction [15]. Balloon-assisted
coil embolization has gained popularity for the
treatment of ruptured aneurysms with a less
favorable anatomy (wide neck or unfavorable
dome to neck ratio) because it does not require
the routine use of antiplatelet agents [16].
Moreover, balloon inflation allows control of the
extravasation and prevents devastating conse-
quences for the patient [17]. The stent-assisted
technique does not provide side branch protec-
tion from coil herniation or proximal control dur-
ing an intraprocedural rupture. Thus, when a side
branch is in close proximity to the neck of an
aneurysm, the balloon-assisted technique can be
an effective and safe modality.

However, there are some concerns about the
potential morbidity associated with this tech-
nique, especially the high risk of thromboem-
bolic complications [18] related to the use of two
microcatheters and hemodynamic stasis due to
balloon inflation [17]. Sluzewski et al. reported
that compared with simple coil embolization,
balloon-assisted coil embolization techniques
were associated with higher thromboembolic
complications and intraprocedural rupture [19].
Several studies have suggested that the balloon-
assisted technique should be reserved for cases in
which the conventional coil embolization tech-
nique is inappropriate, but there is no consensus
concerning this issue.

13.2.4 Stent-Assisted Coil
Embolization

Endovascular strategies for managing aneurysms
with a less favorable anatomy, such as a wide
neck and unfavorable dome to neck ratio, have
previously included the balloon remodeling tech-
nique [20]. However, many aneurysms still can-
not be guaranteed based on the technical
feasibility and the long-term durability of the bal-
loon remodeling technique. Unlike the balloon-
assisted technique, stent-assisted coil
embolization provides permanent supportive
scaffolding via the deployment of an intracranial
stent for stabilization of the coil mass (Fig. 13.4c).
This procedure reduces the rate of aneurysm
recanalization by redirecting the blood flow
reducing the intra-aneurysmal flow and promot-
ing endothelialization at the level of the aneu-
rysm neck [21-24].

In the early days of the stent-assisted tech-
nique, the stents for coronary and peripheral vas-
cular embolization were experimentally applied
to the cerebral vessel. However, the characteris-
tics of balloon-expandable coronary stents have
limited their use in cerebral aneurysm therapy.
They lack sufficient flexibility such that exces-
sive force during deployment could damage the
vessel wall [20]. The ideal stent for cerebral ves-
sels should have a low profile, be flexible, and
consist of self-expandable material to accommo-
date the complex geometry of the intracranial
arteries [20]. Since the first US Food and Drug
Administration (FDA) approval of the Neuroform
stent (Stryker Inc.) in 2002, a variety of stents
have been developed and applied.

There are two types of stents depending on
their design: open-cell (in which not all struts are
interrelated) and closed-cell (in which all stent
struts are interconnected). The aforementioned
Neuroform stent is an open-cell designed stent
with relatively fewer thromboembolic complica-
tions in the form of procedure-related transient
ischemic attack (TIA) and stroke [25]. In con-
trast, the Enterprise stent (Codman Inc.) is the
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first closed-cell designed stent to treat intracra-
nial aneurysms, and the advantages of the closed-
cell stent include the ability of the stent to be
partially deployed, recaptured, and redeployed
[21, 25]. It is also easier to deploy than the
open-cell stent and enables the treatment of addi-
tional aneurysms, but the closed-cell design of
the stent has a greater tendency to slightly alter
the normal vascular anatomy owing to its design
[21, 26].

When performing stent-assisted coil emboliza-
tion, aneurismal catheterization is performed
before deployment of a self-expandable stent
across the aneurysm neck (Jailing technique)
(Fig. 13.4d). Following deployment of the stent,
embolization coils are delivered with the micro-
catheter positioned within the aneurysm dome and
wedged between the stent and the aneurysm dome
[27]. This technique prevents the situation in which
a stent is deployed but the aneurysm cannot be sub-
sequently catheterized [28]. In particular cases,
such as dissection of the aneurysm or basilar top
aneurysm, the stent-assisted technique may be
applied as an overlapping or Y-stenting technique.

There is reluctance to deploy stents in the set-
ting of SAH because of the risk of thromboem-
bolic complications in patients who are not
prepared with antiplatelet agents, and fear of the
use of antiplatelet agents during the acute phase
of SAH may increase the risk of rebleeding.
There is no clear consensus about the use of anti-
platelet agents, but in several recent studies, a
proper antiplatelet therapy regimen did not
increase intracerebral hemorrhage during the
acute phase of SAH treated with stent-assisted
coil embolization [16].

13.2.5 Flow Diversion Devices

Flow diversion is the placement of a low-poros-
ity, high-pore-density device in the parent vessel
at the aneurysm neck to decrease flow into the
aneurysm and redirect the flow to the distal part
of the parent vessel [29]. The lower the porosity,
the better are the chances of occluding the aneu-
rysm, but excessive low porosity would lead to

occlusion of any branch covered by the device.
Most flow diversion devices have a porosity of
approximately 70%, whereas conventional intra-
cranial stents have a porosity of approximately
90%. The pore density is the number of metal-
enclosed pores per unit surface area [30]. A
higher pore density can increase the uniform cov-
erage across the aneurysm neck and potentially
limit the perforator occlusion. A lower porosity
and increased pore density are design goals for
flow diversion devices aimed at occluding
aneurysms.

Accordingly, flow diversion devices promote
endothelialization of the flow diversion device
and subsequently block the aneurysm from the
circulating blood flow over time, while there is
no occlusion of the covered adjacent branches
(Fig. 13.4e). The main hemodynamic effects that
lead to aneurysm thrombosis without the place-
ment of intra-aneurysmal material are the
decrease in velocity of intra-aneurysmal flow,
reduction in flow turbulence, and reduction of
wall shear stress [31, 32]. After the Pipeline for
Uncoilable or Failed Aneurysm Study (PUFES)
was completed, the Pipeline embolization device
(Medtronic) was first approved for use by the US
FDA in 2011.

The use of flow diversion devices without ade-
quate antiplatelet therapy can be associated with
serious thrombotic complications such as in-stent
thrombosis and thromboembolism. Current flow
diverters necessitate 3 months of dual antiplatelet
agents and lifelong aspirin to avoid in-stent
thrombosis [29]. However, the use of antiplatelet
agents in the acute phase of SAH is controversial
due to potential bleeding complications. In addi-
tion, compared with conventional coil emboliza-
tion or surgical clipping, flow diversion does not
achieve immediate aneurysm obliteration and
does not decrease the risk of immediate rebleed-
ing. Thus, flow diversion after aneurysmal SAH
is not preferred as the primary therapeutic option.
Natarajan et al. recommended that flow diversion
is not the primary treatment of choice after aneu-
rysmal SAH, but it is a reasonable final option if
other, safer options are not available to treat the
aneurysm [29].
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13.2.6 Limitation

Since the ISAT, endovascular coil embolization
has become a favorable therapeutic option for
patients with SAH. However, there are questions
about the durability and long-term efficacy of coil
embolization. Aneurysm remnants or recurrences
and the need for retreatment are more common
after endovascular coiling than after clipping.
Therefore, follow-up imaging is mandatory.

13.3 Other Indications Including
Dural AV Fistula and AVM

Intracranial dural AV fistula and AVM are abnor-
mal arteriovenous channels without a capillary
bed. The difference between AV fistula and AVM
is the presence or not of a nidus. Both diseases
present with intracerebral hemorrhage.

In dural AV fistula, leptomeningeal reflux is
related to venous hypertension and will be a
predisposing factor for intracerebral hemor-
rhage. The goal of endovascular treatment
obliterates abnormal fistulous channels with-

Fig. 13.5 (a) A schematic representation of the dural
arteriovenous fistula (dAVF). This figure shows the con-
nection between the meningeal arteries and cortical vein.
There is retrograde blood flow into the superior sagittal
sinus and the engorged cortical vein. (b) A schematic rep-

out interfering with normal venous drains.
Endovascular treatment can be accessed via the
transvenous, trans-arterial route or direct punc-
ture of the affected dural sinus. Advances have
been achieved in embolic material and devices
for trans-arterial endovascular treatment rather
than transvenous endovascular treatment.
Endovascular treatment is a primary treatment
for dural AVF presenting with intracerebral
hemorrhage (Fig. 13.5a).

In AVM, combined dural AVF and prenidal,
intranidal, or flow-related aneurysms are predis-
posing factors for AVM rupture. Endovascular
treatment has not been a primary treatment
modality for ruptured AVM because low com-
plete angiographic obliteration rate in endovas-
cular treatment will increase rebleeding of the
ruptured AVM. In general, endovascular treat-
ment is performed before microsurgical resection
to enhance the surgical accessibility. In ruptured
small AVM that are not feasible for surgical
resection, endovascular treatment demonstrated a
high complete angiographic obliteration rate and
will be considered a primary treatment option
(Fig. 13.5b).

resentation of the arteriovenous malformation (AVM).
The microcatheter is placed in one feeding artery, and
Onyx is allowed to occlude the proximal parts of the
draining veins and nidus
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13.3.1 Endovascular Treatment
for Dural Arteriovenous
Fistula

Definition of Dural
Arteriovenous Fistula

and Classifications

A dural arteriovenous fistula is defined as an
abnormal arteriovenous malformation without a
nidus between dural arteries and adjacent venous
sinuses with occasional reflux into the cortical
veins [33]. They represent 10—15% of all cerebral
vascular malformations [34]. dAVF have been
classified as a benign type with a dural sinus
drain or an aggressive type with a leptomeningeal
drain and/or reflux, which may be associated
with hemorrhage or nonhemorrhagic neurologic
deficits [35]. The classification systems defined
by Cognard et al. [36] and Borden et al. [37],
which are designed to grade the risks and natural
course of dAVF, have been widely used.

13.3.1.1

13.3.1.2 Target of Endovascular
Treatment of Ruptured dAVF

With the advancement of embolic materials and
devices in the field of neurointervention, endo-
vascular treatment is now regarded as the primary
treatment option, especially in high-risk dAVF
such as hemorrhagic presentation. The primary
objective of endovascular treatment is to obliter-
ate occlusion of the entire fistulous channels with
preservation of normal venous channels.
However, in complex dAVF with an expectation
to avoid obliteration of total fistulous channels,
the goal of endovascular treatment is an inten-
tional partial treatment strategy with reversal of
the aggressive type of dAVF to a benign type to
facilitate subsequent Gamma Knife radiosurgery
or neurosurgery [38, 39].

13.3.1.3 Endovascular Access Routes

Conventionally, transvenous endovascular treat-
ment that occludes fistulous channels and the
adjacent affected sinus has been widely used.
However, transvenous endovascular treatment is
not always possible for the isolated affected
sinus or stenotic dural sinus. With the develop-
ment of liquid embolic materials such as Onyx
or PHIL, trans-arterial endovascular treatments

that occlude feeding arteries and fistulous chan-
nels have been attempted and gradually
increased. In cases of small-calibered, tortuous
feeding arteries, trans-arterial endovascular
treatment may be challenging. Additionally,
embolization of feeding arteries that are at risk
for anastomosis in the internal carotid or verte-
bral artery may cause cerebral/cerebellar infarc-
tion or cranial nerve palsy. In dAVF that are
challenging or inaccessible via trans-arterial or
transvenous access, direct puncture of the
affected sinus via transorbital or craniotomy has
provided good results [40-42].

13.3.1.4 Embolic Materials

Embolic materials are classified into detachable
fibered/non-fibered coils, particles (polyvinyl
alcohol, PVA), and liquid embolic materials. The
liquid embolic materials that are currently used
include n-butyl-2-cyanoacrylate (NBCA;
Codman, Raynham, MA, USA), Onyx (eV3;
Neurovascular Inc., Irvine, CA, USA), and PHIL
(MicroVention-Terumo; Tustin, CA, USA). Coils
are mainly used for transverse occlusion of the
affected sinus. PVA is not a durable treatment
option, and it has not been recently applied. It was
previously used for benign dAVF as a palliative
treatment or for residual fistulous channels as an
alternative treatment. NBCA named “glue” is a
cheap, fast embolic material, and it was widely
used to occlude dAVF trans-arterially before the
advent of Onyx or PHIL [43]. Because NBCA is
a liquid adhesive, its major disadvantages are a
short injection time, insufficient glue casting of
fistulous channels, unexpected gluing of normal
drain veins, and a low cure rate (30-50%) [44,
45]. Because Onyx is a cohesive liquid embolic
agent, it provides a slow and controlled injection
unlike NBCA, resulting in a larger amount of
Onyx cast into the fistulous channels, which is
related to a higher angiographic cure rate [46, 47].
PHIL is another cohesive liquid embolic material
composed of hydroxyethyl methacrylate
(PHEMA) and dimethyl sulfoxide. Accordingly,
PHIL also provides a slow and controlled injec-
tion. Additionally, computed CT or MRA after
PHIL embolization showed fewer artifacts and
good delineation of the embolic cast due to the
absence of a metal component such as tantalum.
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Endovascular treatment using PHIL showed a
similar angiographic cure rate compared with that
of Onyx [48].

In conclusion, endovascular treatment of
dAVF includes a number of options with varying
risks and effectiveness for individual lesions.
Endovascular treatment of dAVF is a proven safe
and effective method for treating these complex
cerebrovascular lesions.

13.3.2 Endovascular Treatment
for Arteriovenous
Malformation

Definition of AVM

and Natural History
Arteriovenous malformations (AVMs) are direct
connections between arteries and veins without a
capillary bed and consist of anomalous entangled
vessels defined as a nidus. Approximately 2% of
hemorrhagic strokes are caused by AVMs [49].
Hemorrhagic stroke is the most common symp-
tom of AVMs, ranging from 53 to 65% [49, 50].
The annual risk of hemorrhage ranges from 1.3 to
4% per year [49, 51], increasing to 6—7% during
the first year after the first hemorrhagic stroke
[51, 52]. AVF and prenidal, intranidal, or flow-
related aneurysms have been reported to increase
the risk of AVM rupture [53, 54]. The morbidity
of ruptured AVMs has been reported to be half or
two-thirds of ruptured AVMs [55, 56]. Mortality
has been reported to be approximately one to
two-tenths of ruptured AVMs.

13.3.2.1

13.3.2.2 Objectives of Endovascular

Treatment for Ruptured

AVMs
Endovascular treatment of ruptured AVM may
have varying goals. The first goal of endovascu-
lar treatment is mainly to decrease the arterial
supply or the AVM size to resect AVM easily
before surgery. By decreasing the AVM size as
well as its blood flow, endovascular treatment
has been reported to shorten the operation time
and reduce blood loss [57]. Endovascular treat-
ment and subsequent microsurgery can treat
AVM in a staged manner, resulting in a reduc-
tion of blood flow to the nidus that will prevent

normal pressure perfusion syndrome such as
postoperative hemorrhage [58].

Another goal of endovascular treatment is to
reduce the AVM size or to eliminate high-risk
features for radiosurgery. Outcomes of combined
endovascular treatment and subsequent radiosur-
gery have shown varying degree of complete
occlusion ranging from 14 to 90% [59].
Endovascular treatment before radiosurgery was
found to be most effective for AVM with a size of
4-6 cm for which approximately 90% were
reduced to a size that was amendable to radiosur-
gery [60].

For small-sized ruptured AVM positioned in a
deep location, endovascular treatment may be the
primary treatment option to obliterate AVM angi-
ographically. The selection of patients should be
a cardinal rule for endovascular treatment to cure
AVMs. Small AVMs with few feeding arteries, a
compact rather than a diffuse nidus, and an
absence of perinidal angiogenesis are positive
factors for curing AVMs primarily by endovascu-
lar treatment [61, 62].

For AVMs that are not amenable to treatment,
palliative or targeted treatment of high-risk fea-
tures such as associated aneurysms or fistula is
considered. However, partial endovascular treat-
ment is not recommended because the outcome
of partial endovascular treatment seems to be
worse than the natural history [63, 64].

In conclusion, endovascular treatment of rup-
tured AVMs may play a pivotal role in obliterat-
ing AVM completely for microsurgery or
radiosurgery. Endovascular treatment should be
carefully considered as a primary treatment
option for carefully selected AVMs with a favor-
able profile for complete AVM obliteration.
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Related Intracerebral Hemorrhage

Tarun Girotra, Wuwei Feng, and Bruce Ovbiagele

14.1 Epidemiology

14.1.1 Incidence

Intracerebral hemorrhage (ICH) accounts for
about 10-20% of all strokes worldwide. The over-
all global annual incidence of ICH is estimated to
be 24.6 per 100,000 (95% CI 19.7-30.7) [1].

Ethnic differences in incidence of ICH are
striking. The annual incidence of ICH is 48.9 per
100,000 in black population and 26.6 per 100,000
population in white population [2]. Hispanics
have also been observed to have a greater risk of
ICH compared to non-Hispanic white population
(OR 2.6, 95% CI 1.4-6.1) [3]. Asian population
appears to be at a greater risk of ICH compared to
other populations. A meta-analysis found that
Asian populations have a higher proportion of
ICH compared to white populations [28.0%
(95% CI 23.6-32.6%) vs. 12.4% (95% CI 10.2—
14.7%)] [4].

Age is another important non-modifiable risk
factor for ICH. Population over 85 years of age has
an almost tenfold yearly increase in risk of ICH
compared to population between 45 and 54 years
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of age. Female gender has been associated with
lower risk of ICH, although large-scale observa-
tion studies have found this to be statistically non-
significant (RR 0.85, 95% CI 0.61-1.18) [5].

14.1.2 Antithrombotic-Related ICH

Long-term use of aspirin has been noted to have
an increased risk of ICH compared to placebo
with a RR of 1.65 (95% CI 1.05-5.99) per one
meta-analysis [6]. AC-related ICH is estimated to
be 2-9 cases per 100,000 population/year. This
number is expected to rise as the global average
life expectancy and the incidence of conditions
requiring AC use such as atrial fibrillation
increase. The use of warfarin carries a 0.3-3.7%
annual risk of ICH. New oral anticoagulants
(NOACs) have become more popular in recent
years as they have several advantages: fewer
interactions with food and other drugs, rapid
onset, and freedom from the need to have peri-
odic blood test monitoring and relatively shorter
half-life. The rates of major bleedings, GI bleed-
ing, and ICH from the three pivotal trials have
been summarized in Table 14.1 [7-10]. Several
recent meta-analyses showed that the use of
NOAC: is associated with a lower risk of ICH
compared to warfarin use with RR varying from
0.46 (95% CI 0.33-0.65) to 0.48 (95% CI 0.39—
0.59) [11, 12]. Postmarketing studies have also
shown consistent benefit of NOACs in terms of
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lower risk of ICH compared to warfarin [13].
Warfarin-related ICH also seems to be greater in
Asian population compared to white populations
(hazard ratio 4.06, 95% CI 2.06-6.67) [14].
Lowering of ICH risk with NOACs is amplified
in Asian populations as a recent meta-analysis
found that Asians have lower odds or developing
ICH associated with NOAC (OR 0.33, 95% CI
0.22-0.5) than non-Asians (OR 0.52, 95% CI
0.42-0.64) compared to warfarin [15].

Cilostazol is commonly used in Asian coun-
tries as an antiplatelet agent in place of aspirin.
The phase 3, non-inferiority trial, cilostazol for
prevention of secondary stroke (CSPS 2), com-
pared 100 mg twice a day cilostazol to 81 mg
daily aspirin in 2757 Asian patients. The crite-
rion of non-inferiority was met, and the primary
end point of any stroke was 2.76% in cilostazol
group and 3.76% in the aspirin group (HR 0.74,
95% CI 0.64-0.98) after a mean follow-up of
29 months [16]. The frequency of ICH was sig-
nificantly lower in cilostazol group (8/1337)
compared to aspirin (27/1335) (p = 0.0027). A
subsequent meta-analysis noticed an insignifi-
cant decrease of stroke recurrence with cilo-
stazol compared to aspirin in chronic phase (RR
0.82,95% C1 0.62-1.08, p = 0.15), but the risk of
hemorrhagic stroke was still significantly lower
with cilostazol (RR 0.29, 95% CI 0.15-0.56,
p =0.0002) [17].

A Cochrane database review observed that
the risk of ICH with clopidogrel is not statisti-
cally different from aspirin (OR 0.89, 95% CI
0.59-1.35) [18]. Genetic polymorphism in the
CYP2C19 gene has been an area of interest.
There is a greater prevalence of CYP2C19%2
and CYP2C19*3 allele in Asian population
which is associated with decreased activation of
clopidogrel to the active metabolite resulting in
decreased effectiveness of clopidogrel. A differ-
ent allele, CYP2C19*17, has been recently
noted to be prevalent in European and African
populations [19]. This allele is associated with
rapid metabolism of clopidogrel and has been
observed with greater risk of hemorrhagic com-
plications (HR 1.26, 95% CI 1.05-1.50) [20].
Clinical implication of this increased risk is
unclear however.

14.2 Pharmacology
of Antithrombotics

A detailed discussion on the pharmacology of
various antiplatelets and anticoagulants is beyond
the scope of this chapter, but Fig. 14.1a, b dem-
onstrates the mechanism of action of various
commonly used antiplatelets and anticoagulants
(Fig. 14.2).

14.3 Management of ICH
14.3.1 General Management

ICH presents clinically with acute focal neuro-
logical deficits. With small hemorrhages, the
clinical symptoms progress and evolve over min-
utes to hours depending on the rate of hematoma
expansion and subsequent peri-hematoma edema.
Larger hemorrhages typically present more dra-
matically with decreased level of awareness,
vomiting, headache, and, in severe cases, signs of
herniation. Seizure is a common complication
after ICH, especially lobar hemorrhage. The
basic principles of management of ICH are simi-
lar to that of spontaneous ICH and are detailed in
other chapters.

14.3.2 Treatment of Antiplatelet-
Related ICH

Observational studies have yielded mixed results
regarding hematoma expansion and outcomes in
patients on antiplatelet therapy treated with plate-
let transfusion [22-24]. Recently concluded ran-
domized, open-label controlled trial (platelet
transfusion versus standard care after acute stroke
due to spontaneous cerebral hemorrhage associ-
ated with antiplatelet use or the “PATCH” trial)
aimed to identify the effects of platelet transfusion
in patients with supratentorial ICH and antiplate-
let agent use for at least 7 days prior to ICH. They
enrolled 190 patients and found that treatment
arm receiving platelet transfusion had a higher
rate of dependence and death (modified Rankin
scale, mRS 4-6) at 3 months (OR 2.04, 95% CI
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Fig. 14.1 Summary of treatment for antithrombotic-
related intracerebral hemorrhage (ICH). The table for
treatment of non-vitamin K antagonist oral anticoagu-
lant (NOAC)-related ICH was reproduced by permis-

1.12-3.74, p = 0.0195) compared to the placebo
arm [25]. No difference was noted in median ICH
growth at 24 h or adverse events between the two
groups. Because of lack of definitive data, routine
use of platelet transfusion in patients with ICH
while on an antiplatelet agent without thrombocy-
topenia is not recommended.

14.3.3 Treatment of Vitamin K
Antagonist (Warfarin)-Related
ICH

Warfarin inhibits vitamin K epoxide reductase
leading to decreased synthesis of factors II, VII,
IX, and X. The first step is to immediately stop
warfarin and/or antiplatelet if patients take both.
Reinstating these factors is the physiological
basis of VKA reversal agents. Four agents have
been used to reverse the warfarin, including fresh
frozen plasma (FFP), prothrombin complex con-

sion of Circulation [21]. /CH intracerebral hemorrhage,
FFP fresh frozen plasma, PCC prothrombin complex
concentrate

centrate (PCC), recombinant factor VII (rFVII),
and vitamin K.

14.3.3.1 Fresh Frozen Plasma

Historically, FFP was the most commonly used
agent to reverse anticoagulation effect of warfa-
rin. It contains all coagulation factors, including
those inhibited warfarin, in a non-concentrated
form. Despite its widespread availability and low
cost, there are several important limitations which
make PCC a more preferred option for reversing
warfarin-related anticoagulation in ICH patients.
Firstly, FFP needs to be thawed and crossmatched
before it can be administered in a patient which
leads to devastating delays. Secondly, because it
is not concentrated, patients typically end up
receiving large volumes of FFP to correct INR
which leads to fluid overload in patients with
chronic cardiac, renal, and hepatic diseases.
Lastly, patients receiving FFP are at risk of devel-
oping transfusion reactions and infections.
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14.3.3.2 Prothrombin Complex
Concentrate

Prothrombin complex concentrate (PCC) has
emerged as the most attractive alternative to
FFP. PCC comes in two preparations, four-factor
(4PCC) and three-factor PCC (3PCC). While
both formulations contain all clotting factors
inhibited by warfarin (I, VII, IX, and X), 4PCC
contains a larger amount of factor VII than avail-
able 3PCC agents. Earlier trials showed that PCC
normalizes INR at a much faster rate than FFP in
patients with major bleeding, but these trials
lacked patients with ICH. A recent randomized
controlled trial (fresh frozen plasma versus pro-
thrombin complex concentrate in patients with
intracerebral hemorrhage associated with vita-
min K antagonist or the “INCH” trial) looked at
50 patients with ICH and compared FPP and
4PCC. The study showed that patients treated
with 4PCC had a much faster reversal of INR
(INR of <1.3 within 3 h, 67% with PCC and 9%
with FPP, OR 30.6, 95% CI 4.7-197.9,
p = 0.0003) and decreased hematoma expansion
at 3 and 24 h [26]. There was no significant ben-
efit in survival and functional independence at
90 days, but it was noted that the five deaths
occurring in the first 48 h had notable hematoma
expansion and were exclusively in the FFP arm.
The rate of thromboembolic events was observed
to be similar between FPP and PCC arms in all
the studies mentioned above. Due to quicker nor-
malization of INR without increased adverse
events, PCC has gained popularity as the most
preferred agent for VKA-related ICH. The dose
of 4PCC to be used for reversal of warfarin
depends on the first international normalized
ratio (INR) on arrival of the patient and is sum-
marized in Table 14.2. PCC has to be given along

Table 14.2 Recommended dose of prothrombin com-
plex concentrate (PCC) for vitamin K antagonist (VKA)
reversal

INR level Dose of 4PCC

2-4 25 IU/kg (maximum 2500 IU)
4-6 35 TU/kg (maximum 3500 IU)
>6 50 TU/kg (maximum 5000 IU)

INR international normalized ratio, 4PCC four-factor pro-
thrombin complex concentrate

with vitamin K. The disadvantages are high cost,
limited availability, and potential prothrombotic.

14.3.3.3 Recombinant Factor VIl
Recombinant factor VII (rFVII) has been evalu-
ated as a potential reversal agent. It has been
used as an off-label agent in patients with
uncontrolled bleeding secondary to trauma,
platelet dysfunction, and liver dysfunction and
in perioperative bleeding. The utility of this
agent in anticoagulant-related ICH is not clear.
A case series involving the use of rFVII in seven
patients with VKA-related ICH decreased the
pretreatment INR (range from 1.7 t0 6.6) to <1.6
within 10 min [27]. Although rFVII rapidly nor-
malized INR, it does not replenish other vitamin
K-dependent factors and may not reverse the
complete anticoagulation effect of VKA as effi-
ciently as PCC. A multicenter, phase 3, random-
ized controlled trial (“factor seven in acute
hemorrhagic stroke” or “FAST” trial) adminis-
tered rFVII (20 pg/kg or 80 pg/kg) or placebo in
841 patients with spontaneous ICH within 4 h of
symptom onset. Compared to placebo, increase
in ICH volume at 24 h from baseline was 3.8 mL
less in 80 pg/kg rFVII arm (p < 0.001) and
2.6 mL less in 20 pg/kg rFVII arm (p = 0.08).
No significant difference was noted in intraven-
tricular hemorrhage (IVH) volume increase at
24 h, total (ICH + IVH) volume increase at 72 h,
and mortality at 3 months, however [28]. The
trial observed that the rate of serious arterial
thromboembolic adverse events such as myo-
cardial infarction was greater in the 80 pg/kg
arm of the study compared to the placebo arm
(8% vs. 4%, p = 0.04). Due to lack of definite
clinical benefit and increase risk of arterial
thromboembolic adverse events, use of rFVII is
not routinely recommended for reversal of VKA
in the setting of ICH.

14.3.3.4 VitaminK

Intravenous vitamin K administration itself is
not sufficient as an emergent reversal agent, but
it is a vital part of managing a VKA-associated
bleeding complication. It is generally adminis-
tered in a high dose of 5-10 mg intravenously.
The onset of action begins about 2 h post admin-
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istration and peaks about 24 h after administra-
tion. The advantage of this delayed action is that
it provides a sustained reversal; however, the dis-
advantage is that ICH may continue to grow
before its peak time. High dose of vitamin K can
result in a variable period of refractoriness to
warfarin if warfarin needs to be resumed. Other
advantages of vitamin K are low cost and wide
availability.

14.3.4 New Oral Anticoagulant
(NOAC)-Related ICH

NOAC:s offer a distinct advantage over VKA
regarding reliable pharmacodynamics and phar-
macokinetics, rapid onset and offset of action,
lack of dietary interactions, and lack of routine
coagulation parameter monitoring. As mentioned
earlier, the NOACs are associated with a lower
risk of ICH compared to VKA. For those patients
that do end up with ICH associated with NOACs
such as apixaban and dabigatran, the mortality
and outcomes are similar to those associated with
VKA [29].

Validation of blood coagulation tests for
NOACs and incorporation of these in clinical
practice are missing currently. Thrombin time
(TT) is the most sensitive test for dabigatran, and
a normal TT excludes the clinically relevant
action of dabigatran. Activated partial thrombo-
plastin time (aPTT) is less reliable than TT for
dabigatran but is more readily available across
hospitals and emergency departments and is
often used as a surrogate marker of anticoagulant
activity. Prothrombin time (PT) has poor sensitiv-
ity for dabigatran.

Partial thromboplastin time demonstrates
insufficient sensitivity and linearity with factor X
inhibitors such as apixaban, rivaroxaban, and
edoxaban. PT can be elevated with factor X
inhibitors but cannot be relied on to exclude the
clinically relevant anticoagulant effect of these
medications in the setting of a normal
PT. Chromogenic anti-factor X inhibitor assays
have been developed for rivaroxaban, apixaban,
and edoxaban, but they are not yet validated to be
included in management guidelines.

14.3.4.1 Non-specific Agents

Among non-specific hemostatic agents, PCC has
limited data from three small randomized, pla-
cebo-controlled studies involving healthy volun-
teers. These studies showed a dose-dependent
reversal of the anticoagulant effect of rivaroxa-
ban and edoxaban but not dabigatran [30-32]. An
in vitro study using human plasma exposed to
rivaroxaban obtained from healthy donors found
that rFVII was superior to a 4PCC at normalizing
laboratory coagulation studies [33]. Other in vitro
studies involving healthy human volunteers have
shown that activated PCC (also known as factor
VIII inhibitor bypassing activity or FEIBA) cor-
rected more coagulation parameters than PCC
[34, 35]. There was a recent small prospective
study evaluating the administration of FEIBA
50 U/kg dose in 127 patients with ICH, which
included 5 patients on NOACs (3 on rivaroxaban,
1 on apixaban, and 1 on dabigatran) presenting
within 48 h of the last dose and receiving
FEIBA. None of these patients were noted to
have hematoma expansion or thrombotic compli-
cations [36].

As mentioned above, reversal of these blood
coagulation parameters does not necessarily indi-
cate reversal of the complete anticoagulant effect
of these medications. Finally, whether reversal of
coagulation parameters lead to improved clinical
outcomes has not yet been shown in a randomized
clinical trial. In the absence of convincing clinical
data, the European Heart Rhythm Association
(EHRA) has recommended 50 U/kg dose of PCC
or aPCC (FEIBA) in severe life-threatening hem-
orrhages associated with NOACs. A recent state-
ment from AHA has endorsed PCC use for ICH
with use of the factor X inhibitors until a more
specific antidote becomes available [37].

FFP is of unclear utility, and vitamin K sup-
plementation is not recommended. Activated
charcoal can be used if the most recent NOAC
dose is within 2 h. Hemodialysis can remove
49-57% dabigatran within 4 h and may be con-
sidered for chronically low creatinine clearance
(<30 mL/min) or in a setting of acute kidney
injury. Factor X inhibitors are highly protein
bound making hemodialysis not effective in the
emergent setting.



200

T. Girotra et al.

14.3.4.2 Specific Reversal Agents

Idarucizumab

Idarucizumab is a humanized monoclonal anti-
body fragment that binds to dabigatran with 350-
fold higher affinity than thrombin and is cleared
via kidneys. Several preclinical trials showed the
effective reversal of anticoagulation parameters
associated with dabigatran. Recently concluded
multicenter, phase 3 trial (Reversal Effects of
Idarucizumab on Active Dabigatran or the
REVERSE-AD trial) achieved primary end point
of median maximum percentage reversal of dilute
TT (dTT) and ecarin clotting time (ECT) within
4hin 100% of the 504 dabigatran-treated patients
who suffered from uncontrolled bleeding includ-
ing ICH (group A) or had to undergo emergent
surgery (group B) [38]. All patients were given
two 2.5 g boluses of the medication 15 min apart.
There were 98 patients with ICH analyzed in this
study, and 30-day mortality in this group was
noted to be 16.4%. By comparison, the mortality
rates in the RELY study were noted to be 41%
and 35% with dabigatran 110 mg and 150 mg,
respectively [39]. This should be interpreted with
caution as it was a single-arm study, but the utili-
zation of this agent is recommended by AHA in
patients with ICH who are taking dabigatran in
the attempts to reverse the anticoagulation effect
[37]. Since the approval of idarucizumab, there
have been case reports of successful use of intra-
venous tissue plasminogen activator (tPA) in
patients presenting with an acute ischemic stroke
while on dabigatran [40, 41]. There has not been
an official statement from any of the regulatory
bodies regarding the reversal of dabigatran with
idarucizumab for the purpose of acute ischemic
stroke treatment, and further studies are required
to assess the overall risk of hemorrhagic conver-
sion and outcomes in such scenarios.

Andexanet Alfa

Andexanet alfa is a modified human recombinant
factor Xa decoy protein developed as a reversal
agent for factor Xa inhibitors such as apixaban,
rivaroxaban, and edoxaban. It is also considered
to have an action against indirect factor X inhibi-
tors such as low molecular weight heparin which

acts through antithrombin. Several phase 2 stud-
ies, including andexanet alfa, a Novel Antidote to
the Anticoagulation Effects of FXA Inhibitors
Apixaban (ANNEXA-A) and Rivaroxaban
(ANNEXA-R), have shown anticoagulant rever-
sal effect of andexanet by measuring anti-FXa
activity and mean FXa inhibitor concentration
within few minutes of intravenous administration
[42]. An ongoing phase 3, nonrandomized, open-
label, single-arm study called ANNEXA-4 trial
(ClinicalTrials.gov Identifier: NCT02329327) is
assessing the efficacy and safety of andexanet in
patients presenting with major acute bleed while
on direct FXa inhibitors and low molecular weight
heparin. The protocol from the trial dictates that
patients were given 800 mg intravenous bolus fol-
lowed by infusion of 960 mg over 12 h if the anti-
coagulant was taken within 7 h from the event. If
the anticoagulant was taken over 7 h before the
event, a decreased dose of 400 mg IV bolus fol-
lowed by 480 mg IV infusion over 12 h is given.
The preliminary data analysis from the study
showed results from 47 patients out of which 20
(43%) had an intracranial hemorrhage. There was
a relative decrease in the mean anti-FXa activity
in 89% of patients on rivaroxaban (n = 20) and
93% of patients on apixaban (n = 20) after the ini-
tial bolus. Eighty percent of patients among the
ICH group were reported to have excellent (<20%
increase in ICH volume from baseline) or good
(20-30% increase in ICH volume from baseline)
hemostasis based on hematoma growth on CT
scan at 1 and 12 h after infusion. The preliminary
safety analysis in ANNEXA-4 showed throm-
botic event rate of 18% (n = 12) within 30 days of
antidote [43]. Preclinical trials had shown neutral-
izing antibodies developing in 17% of patients
given andexanet, but the clinical significance of
this is unknown [42]. This agent is currently under
review for approval by several regulatory
agencies.

Ciraparantag

Ciraparantag (PER977) is another agent which
binds to unfractionated heparin, low molecular
weight heparin, and NOAC such as dabigatran,
apixaban, rivaroxaban, and edoxaban. In healthy
volunteers, this agent shortens the whole blood
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clotting time in a concentration-dependent man-
ner when administered after a single dose of oral
edoxaban and enoxaparin [44]. An important
logistical limitation with this agent is the fact that
it also binds with citrate, a chemical in which
blood is collected for most of the routine tests
involved in the measurement of coagulation
parameters including anti-factor Xa activity.
Because of this, the whole blood clotting time is
used as a marker of efficacy for this agent, but
this test is not available in many hospitals.
Another phase 2 study is currently ongoing to
measure the response of ciraparantag in volun-
teers exposed to rivaroxaban (ClinicalTrials.gov
Identifier: NCT03172910), but no phase 3 trial
has been initiated yet.

14.3.5 Short-Term
Thromboprophylaxis

The risk of hematoma expansion is greatest on
presentation and decreases with time. The risk of
thromboembolism, however, is constant and
cumulative. In patients with ICH, the short-term
risk of thromboembolic complications such as
pulmonary embolism, deep venous thrombosis,
myocardial ischemia, and ischemic stroke has
been estimated to be 7% [45]. Pneumatic com-
pression stockings should be initiated from the
first day. A meta-analysis of anticoagulant use for
thromboprophylaxis in 1000 ICH patients found
that early (1-6 days from admission) use of low-
dose, subcutaneous enoxaparin and heparin was
associated with reduced PE (1.7% vs. 2.9%, RR
0.37, 95% CI 0.17-0.80) without an increased
risk of hematoma expansion [46]. It is recom-
mended that low-dose subcutaneous heparin or
LMWH should be considered after 1-4 days of
onset with documentation of cessation of bleed-
ing on neuroimaging.

14.3.6 Restarting Antithrombotic
14.3.6.1 Resuming Anticoagulants

Restarting anticoagulation after ICH is one of the
toughest decisions for patients, caregivers, and

physicians. The first issue to address is whether
restarting anticoagulation after ICH is indicated
or not. The risk-benefit ratio individualizes this
decision and depends on several factors including
the site of ICH, continuing risk factors for hemor-
rhage, and primary indication of anticoagulation
use. In one decision analysis examining whether
to start warfarin in patients with atrial fibrillation
after ICH, the risk of thromboembolism would
need to exceed 7% per year to justify restarting
anticoagulation after deep ICH [47]. No risk level
was noted to be high enough to restart anticoagu-
lation after lobar ICH. Given a higher risk of
thromboembolic complications in patients with
mechanical heart valves, a lower threshold is used
by several physicians to restart anticoagulation
therapy. Nielsen et al. used the Danish civil regis-
try and identified 1752 patients from 1997 to 2013
who survived after developing ICH while being
on anticoagulation for atrial fibrillation. They ana-
lyzed patients in three groups based on whether
anticoagulation, antiplatelet, or no treatment was
restarted within 6 weeks of ICH. The event rates
(per 100 person-years) of recurrent ICH at 1 year
were 8.6 (95% CI 6.6—11.2) in no treatment arm,
8 (95% CI 5.4-11.8) (HR 0.93, 95% CI 0.57-
1.51) with oral anticoagulant, and 5.3 (95% CI
3.3-8.4) (HR 0.6, 95% CI 0.37-1.03) with anti-
platelet therapy. The primary end point of isch-
emic stroke, systemic embolism, and all-cause
mortality was significantly lower in the anticoag-
ulant group (event rate 13.6 per 100 person-years)
compared to no treatment (event rate 27.3 per 100
person-years) with HR of 0.5 (95% CI 0.37-0.7)
however [48]. A more recent meta-analysis [49]
of eight retrospective cohort studies aiming to
define the risk of thromboembolic events and
recurrent ICH in patients restarted on anticoagula-
tion also noted a significant reduction in the
thromboembolic events (pooled RR 0.34, 95% CI
0.25-0.45) in the group where anticoagulation
was restarted. The study did not find a significant
change in the incidence of recurrent ICH between
the two groups (RR 1.01, 95% CI 0.58-1.77), but
significant heterogeneity was noted between the
groups. Meta-regression to identify factors
responsible for heterogeneity led to the exclusion
of two trials which used NOACs. The pooled RR
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for recurrent ICH after this adjustment was noted
to be 1.18 (95% CI 0.83-1.70) without significant
heterogeneity between the groups. The major lim-
itation of these studies is the possibility that anti-
coagulation was restarted in the patients with
lower risk of ICH, to begin with in the studies
included in the analysis. Other factors including
the unspecified location of ICH, the timing of
restarting anticoagulation, the lack of knowledge
of the total duration of time spent in therapeutic
anticoagulation range for VKA, and the inclusion
of cardiac and non-cardiac indications for antico-
agulation limit the application of this study in
daily practice.

After resolving the issue about the need to
restart anticoagulation, the next key issue that
arises is deciding on the ideal time to do so. There
have not been any randomized clinical trials to
answer this question. Majeed et al. analyzed 132
survivors from 234 patients with warfarin-related
ICH in 3 tertiary centers in Europe. They devel-
oped a risk model based on the data and found
that total risk of hemorrhagic and ischemic stroke
is minimized when anticoagulation is started
after approximately 10 weeks of the event, and
the authors recommended a delay of at least
1 month after ICH to start anticoagulation [50].
In daily clinical practice, the timing of restarting
anticoagulation depends on the underlying risk of
thromboembolic events with earlier resumption
favored for conditions associated with higher
thromboembolic risks such as mechanical heart
valves.

14.3.6.2 Resuming Antiplatelet
Agents

There have not been any randomized controlled
trials aimed to answer the question about safety
of restarting antiplatelet therapy in patients with
prior ICH. There have been a few observational
studies conducted in the USA, China, and
Scotland [51-53]. None of the studies observed
an elevated risk of recurrent ICH in patients who
were restarted on aspirin. Chong et al. observed
that patients who were started on aspirin had a
significantly lower incidence of ischemic stroke
(44.4 per 1000 patient-years vs 12.7 per 1000
patient-years, p = 0.03) and acute coronary syn-

drome (92.3 per 1000 patient-years vs 6.9 per
1000 patient-years, p < 0.01).

Data regarding lobar ICH recurrence has been
conflicting however. A prospective cohort study of
104 primary lobar hemorrhage survivors observed
that aspirin use after ICH was an independent risk
factor of ICH recurrence in multivariate analysis
(HR 3.95, 95% CI 1.6-8.3, p = 0.021) [54].
Viswanathan et al. analyzed 127 lobar ICH and 80
deep ICH survivors and noted that although lobar
ICH have a greater risk of recurrence compared to
deep ICH (HR 3.8, 95% CI 1.3-11.0), addition of
antiplatelet agent did not increase the risk of recur-
rence in lobar hemorrhage population significantly
(HR 0.8, 95% CI 0.4-3.3) [53]. A recent meta-
analysis observed that the use of antiplatelet agent
increases the risk of ICH significantly (RR 16.56,
95% CI 3.68-74.42) when used in patients with
cortical microbleeds (CMB) compared to patients
without CMB [55].

Overall, unless there is a strong indication,
antiplatelet agent should be generally avoided in
lobar hemorrhages and those with multiple
CMB. For deep hemorrhages, antiplatelet use can
be considered; however, the optimal timing
remains uncertain.

14.3.7 The Future Direction
for Research

Data has been accumulating about the efficacy
and long-term adverse events associated with
NOACs; however, there are several gaps in
knowledge about how to reliably detect antico-
agulation effects of NOAC, as well as how to
optimally reverse the actions of these agents. An
ongoing trial is looking at determining the point
of care testing of anti-Xa activity and ECT by
comparing them to the plasma concentration of
various NOACs (ClinicalTrials.gov Identifier:
NCT02825394). Other agents besides the one
mentioned in this chapter are also being evalu-
ated for potential reversal agents of anticoagu-
lants in ICH such as tranexamic acid
(ClinicalTrials.gov Identifier: NCT02866838).
Alternatives to anticoagulation in patients
with ICH and atrial fibrillation are also being


http://clinicaltrials.gov
http://clinicaltrials.gov

14 Management of Antithrombotic-Related Intracerebral Hemorrhage 203

evaluated. For instance, a randomized controlled
trial is assessing whether left atrial appendage
closure is a safe and effective alternative to
NOAC in patients with ICH (ClinicalTrials.gov
Identifier: NCT03243175).

Conclusion

Antithrombotic (anticoagulant and
antiplatelet)-induced ICH is a serious com-
plication associated with high mortality and
morbidity. With an aging world population,
increasingly more people will require antico-
agulants due to greater prevalence atrial
fibrillation, a condition with a frequency
which strongly correlated with rising age. As
such, it is envisioned that an expected surge
in the presence of atrial fibrillation in the
population will be accompanied by an
increase in the absolute number of hemor-
rhagic complications. An astute knowledge
of agents necessary for the reversal of the
anticoagulants becomes critical for all pro-
viders involved in the care of antithrombotic-
related ICH. The NOAC:sS are associated with
a decreased risk of hemorrhagic complica-
tions compared to traditional VKA like war-
farin, and efforts are ongoing to develop
agents that can reverse the pharmacological
effects of NOAC on the coagulation cascade
quickly and safely. Recently approved idaru-
cizumab is gaining popularity across the
world, and more reversal agents are in the
process of development.
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Hemorrhagic Stroke

Dong-Wan Kang and Seung-Hoon Lee

It is essential to obtain information on the prog-
nosis of patients with intracerebral hemorrhage
(ICH) and subarachnoid hemorrhage (SAH). If
we predict the prognosis to some degree, we
would either identify patients at risk of neuro-
logical deterioration or would make a rehabilita-
tion plan. In addition, we would be able to explain
the expected clinical course to the patient or their
family members and could make reliable plans
for secondary prevention. In this way, an indi-
vidualized care could be provided by predicting
the prognosis for each patient.

There are numerous factors known as prog-
nostic factors for hemorrhagic stroke outcomes,
and simply listing them one by one is of little use
but rather only confusing. In this chapter, the fac-
tors associated with prognosis following ICH and
SAH will be classified in a way as readily under-
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standable as possible, considering the pathophys-
iologies and clinical courses of the diseases.

15.1 ICH

It has been reported that neurological deteriora-
tion occurs in 8-33% of ICH patients [1] and that
approximately 33% of all ICH patients die within
3 months [2]. In contrast, about 26% of ICH
patients may achieve functional independence
within 3 months [3]. As such, since the fate of
ICH patients varies so widely, it is of value to
predict the prognosis of individual patients.
Which factors might be associated with the prog-
nosis of ICH?

In terms of infection, there is the classical
epidemiologic triad: host, pathogen, and envi-
ronmental factors. In applying this concept, we
would like to categorize the prognostic factors
of ICH. First, factors which may worsen the sta-
tus of the brain following ICH are classified as
“attack factors.” This refers to factors related to
the location and size of the ICH, the aggrava-
tion of perihematomal edema, and the presence
or aggravation of intraventricular hemorrhage
(IVH) and hydrocephalus. Second, the protective
functions of the brain itself against hemorrhage
are classified as “protective factors,” which may
be closely associated with brain health. These
include white matter lesions and cerebral micro-
bleeds. Finally, factors related to the physical or
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neurological conditions affecting overall prog-
nosis following ICH are classified as “systemic
and neurological states.” These include age,
level of consciousness, blood glucose, fever and/
or systemic infection, and use of antithrombotics
(Fig. 15.1).

15.1.1 Attack Factors

15.1.1.1 Hematoma Size and Site

Both the size and location of a hematoma are
clearly critical for the prognosis of ICH. For
example, even if a hematoma is small, it may be
fatal if the ICH occurs in the brain stem.
Conversely, a large hematoma may be minimally
disabling if the ICH occurs in locations not
responsible for essential neurological functions.
In general, brain stem ICH carries the worst prog-
nosis due to the presence of dense neural path-
ways, followed by basal ganglia or internal
capsule ICH. Lobar ICH has the best prognosis
relative to other sites [4].

Attack factors
- Hematoma size and site
- Hematoma growth
- Perihematomal edema
- IVH and hydrocephalus

If the hematoma is sufficiently large that it
leads to an increase in intracranial pressure, sec-
ondary symptoms, such as a decreased level of
consciousness, may occur, which can be fatal. It
is well understood that increased hematoma size
is a primary factor related to a poor prognosis [4].
Compared with ICHs in the brain stem, ICHs in
the basal ganglia, internal capsule, or cerebral
cortex are associated with poor outcome more
size-dependently. ICH volume is considered to
be “large” in clinical practice if its size is greater
than 30 mL (about 4 cm of diameter with the
ABC/2 method) [3, 4].

15.1.1.2 Hematoma Growth

When a hematoma occurs by rupture of the pen-
etrating arteries, basically it grows: expansion of
the hematoma generally occurs in about 70% of
patients within 3 h following symptom onset [5].
In the initial phase of hematoma formation and
growth, hemostatic pressure from the surround-
ing brain tissue acts as a counterpart against the
hematoma. The hematoma may be prevented

Protective factors

- White matter lesions
- Cerebral microbleeds
- Previous stroke lesion

Systemic & neurological state

- Age

- Level of consciousness

- Blood glucose

- Fever and systemic infection

- Antithrombotics

Fig. 15.1 Categorization of prognostic factors for intracerebral hemorrhage (ICH). /VH intraventricular hemorrhage
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from increasing in size because of this pressure,
but it may enter a secondary growth phase when
the expanding force is greater than the surround-
ing hemostatic pressure. The model that best
explains this phenomenon is called the “ava-
lanche model,” in which secondary hematoma
growth occurs due to the rupture of multiple ves-
sels surrounding the initial hematoma [6]. The
clinical definition of hematoma growth has not
yet been settled, but it is often considered that
hematoma growth has occurred when the ICH
volume increases by more than 33%. According
to this definition, hematoma growth occurs in
about 32% of ICH patients [7]. Inevitably, this
growth causes additional physical injury to the
brain tissue and leads to further neurological
deterioration.

There are some neuroimaging markers that
would predict hematoma growth. The most repre-
sentative marker is the “spot sign,” the clinical
usefulness of which has now been widely
accepted. Spot sign refers to extravasated contrast
visualized as highly attenuated foci inside the
ICH lesion, in enhanced computed tomography
(CT). The relative risk of hematoma growth with
the presence of a spot sign was about 2.8 times
greater compared to its absence, and patients with
a spot sign showed a greater number of early neu-
rological deterioration events and also higher
mortality rates [7]. The ICH guidelines of the
American Stroke Association indicated that con-
trast-enhanced CT may be considered to help
identify patients at risk for hematoma expansion
[8]. It is not necessary to take contrast-enhanced
CT in all ICH patients, but physicians in a stroke
center in which contrast-enhanced CT is available
may get useful information with it. In addition to
the spot sign, there are other neuroimaging mark-
ers, such as noncontrast CT hypodensities and the
black hole sign [9, 10].

As noted above, because hematoma expansion
has a negative impact on ICH patients, recombi-
nant factor VIla has been noted as a hemostatic
agent that can halt expansion. However, in a
phase 3 clinical trial, recombinant factor VIla
succeeded in decreasing hematoma volume but
did not decrease mortality rates [11]. This result
should never be interpreted as suggesting that

hematoma growth is not critical to clinical out-
come. The study results may have been affected
by a number of factors, including whether the
dose of recombinant factor VIIa was sufficient to
demonstrate a benefit, whether the administration
time of the drug was appropriate, and whether
there were differences in patient ethnicities.
Therapeutics to prevent hematoma expansion
should continue to be explored in the future.

15.1.1.3 Perihematomal Edema

Perihematomal edema is the result of secondary
sterile, noninfectious inflammation following
ICH. Basically, extravasated blood is a foreign
material from the standpoint of neural tissue, so
components of blood cause neural toxicity and
promote sterile inflammation. Perihematomal
edema consists of three phases. In the early phase
during the first several hours following ICH,
edema forms by hydrostatic pressure and clot
retraction. In the second phase (continuing for
2 days after onset of ICH), thrombin, produced
from the coagulation cascade of the blood, causes
neural toxicity, resulting in perihematomal
edema. Interestingly, in warfarin-induced ICH,
the hematoma volume is generally greater than
with spontaneous ICH, but the volume of perihe-
matomal edema may be reduced, because throm-
bin production is inhibited by warfarin. In the
third phase after 3 days after onset, hemoglobin
and heme are released by the lysis of red blood
cells, and heme is further degraded into iron, car-
bon monoxide, and biliverdin, by heme oxygen-
ase. Each of these components becomes a major
source of toxicity and oxidative stress to the neu-
ral tissue. As such, perihematomal edema inevi-
tably occurs in most ICH cases. Even when
patients with ICH survive the period of initial
ictus, neurological deterioration often occurs due
to perihematomal edema, leading to death in
some cases. The greater the edema, relative to the
hematoma volume, the worse the functional out-
come is likely to be. In particular, in the case of a
small ICH, less than 30 mL in size, edema vol-
ume affects patient outcome more than the hema-
toma volume [12]. Because perihematomal
edema is as important as the hematoma volume
itself in prognosis following ICH, many attempts
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have been made to reduce secondary injury by
inhibiting oxidative stress and inflammatory
response in the perihematomal area.

15.1.1.4 Intraventricular Hemorrhage
(IVH) and Hydrocephalus
Induced by IVH

IVH occurs when a hemorrhage extends to the
ventricles: 30-50% of ICH patients have com-
bined IVH [13]. In the presence of [IVH, mortal-
ity rates increase to 50-75% [13]. There are two
main mechanisms of brain injury following
IVH. First, blood from the IVH flows into the
subarachnoid space through the cerebrospinal
fluid circulation, causing irritation of the cerebral
cortex, which is similar to SAH. Second, IVH
may impede the flow of cerebrospinal fluid, lead-
ing to obstructive hydrocephalus.

In terms of location, ICH adjacent to a ventri-
cle may more easily lead to IVH. Accordingly,
IVH is most commonly caused by thalamic hem-
orrhage, followed by caudate hemorrhage, and
rarely occurs following lobar hemorrhage.
However, IVH does not always have a negative
impact. In some cases of thalamic ICH, when the
hemorrhage extends to the ventricle before
involving the internal capsule, local tissue pres-
sure might be released due to the drainage of
blood, resulting in preserved motor function.

In about half of the cases of IVH, obstructive
hydrocephalus occurs due to obstruction of the
third or fourth ventricle by a blood clot, which
may result in an extremely poor outcome.
Obstructive hydrocephalus frequently develops
after IVH with thalamic hemorrhage, due to the
high likelihood of blocking the cerebral aque-
duct. In addition, as IVH volume increases, the
risk for the development of hydrocephalus also
increases. Acute obstructive hydrocephalus is an
emergency situation that requires surgical inter-
vention, such as extraventricular drainage.

15.1.2 Protective Factors
Even in the same ICH, the prognosis may vary

according to the individual brain condition or
health, which may provide resistance power

against the ICH. In this chapter, we refer to fac-
tors associated with individual innate brain con-
ditions as “protective factors.” The mechanisms
by which these protective factors affect prognosis
are explained in two ways. First, vulnerable brain
tissue has less physical resistance to the expand-
ing force of a hematoma. Second, when neuronal
circuits have already been damaged due to previ-
ous brain lesions, the neural reserve may be in a
reduced state, and in such cases, functional dete-
rioration may be severe even with small hemor-
rhages, as compared to similar cases with no
previous lesion. These protective factors gener-
ally reflect the degree of brain function or health
and may be visualized as radiological markers
such as white matter lesions (or leukoaraiosis),
cerebral microbleeds (CMBs), and previous
stroke lesions that may show vulnerability of the
white matter. Here, the prognostic role of white
matter lesions and CMBs will be discussed in
detail.

15.1.2.1 White Matter Lesions

White matter lesions are aroused by long-stand-
ing hypoperfusion within the white matter area.
Pathologically, it is characterized as “incomplete
infarction,” which refers to selective neuronal
necrosis, with relative preservation of the glial
element, and “edema-related gliosis” which refers
to local disruption of the blood-brain barrier
(BBB) with parenchymal leakage of plasma con-
stituents and resultant cumulative neuronal and
glial damage. In short, this is a radiological bio-
marker suggesting chronic ischemic damage of
the brain and usually occurs in the centrum semi-
ovale, the internal border zone, which is the most
hypoperfused area. Functionally, white matter
lesions may weaken both physical constituents
and functional cortical-subcortical neuronal cir-
cuits in the brain and, in turn, are associated with
vascular dementia, gait disorder, and poststroke
cognitive dysfunction. Because the BBB was
weakened by white matter lesions, hematoma size
may become larger, causing more severe neuro-
logical deterioration. In a multicenter clinical
study evaluating the association of ICH with
white matter lesions, Lee et al. showed that white
matter lesions are closely related to immediate
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neurologic severity, 30-day mortality, and long-
term mortality, in a dose-dependent manner
(Fig. 15.2) [14]. In addition, patients with exten-
sive white matter lesions showed a 2.8-fold
increase in long-term mortality risk, as compared
to patients with no, or only mild, lesions. These
poor outcomes are likely to be associated with
increased hematoma size, decreased neural activ-
ity reserve, and the occurrence of IVH due to
white matter lesions. Considering that white mat-
ter lesions are present in approximately 50% of
ICH patients, identification of white matter
lesions may be useful in predicting the prognosis
of the ICH patient at the bedside.

15.1.2.2 CMBs

CMBs refer to small, rounded, low-density
lesions observed in gradient echo sequence or
susceptibility-weighted imaging sequence of
magnetic resonance imaging (MRI) (Fig. 15.3).
Pathologically, these are small extravasations of
blood due to tiny ruptures of penetrating arteries
which have become arteriosclerotic by long-
standing hypertension. These are visualized with
exaggeration due to the paramagnetic effect of
hemosiderin deposits, resulting in a “blooming
artifact” Most lesions are asymptomatic but
share the same underlying pathophysiology, and

the same location, with ICH [15], except for the
amount of bleeding that occurs. In this context,
CMBs have been widely accepted as the most
useful biomarker for the prediction of ICH. CMBs
have been reported to be associated with the
occurrence of both new incident ICH [16] and
recurrent ICH [17], and the predictive power of
CMBs is much greater than any other clinical
variable or imaging biomarker, such as white
matter lesions. In addition, CMBs were shown to
have a strong association with both aspirin-
related [18] and warfarin-related ICH [19].
Furthermore, the presence of CMBs is positively
correlated to hematoma volume and also related
to poor outcomes in ICH patients [20]. However,
its clinical usefulness remains limited because
there is no general consensus on the number or
location of CMBs, or standard MRI sequences,
for the prediction of ICH.

15.1.3 Systemic and Neurological
State

Not all prognostic factors for ICH are present
within the brain. Since the patient’s brain state
is closely related to the body response, the sys-
temic and neurological state is likely to have a
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Fig. 15.3 Cerebral microbleeds (CMBs) visualized on gradient echo image (GRE). (a) Thalamic ICH occurred in a
patient with multiple CMBs in deep gray matters. (b) Lobar ICH occurred in a patient with multiple lobar CMBs

considerable impact on the prognosis. Here,
we describe how systemic factors, such as age,
comorbidity, complications of ICH, and the sys-
temic response to ICH, affect prognosis of ICH.

15.1.3.1 Age
Old age is one of the most important prognostic
factors in almost all diseases. This is because the

likelihood of comorbidities increases and the
impact of risk factors on ICH is greater. However,
age per se is one of the most independent and poor
prognostic factors for ICH. In one study, mortality
was increased by about 2.85 times when age is
>65 compared to age <65 [21]. This is due to the
fact that older patients have age-related changes
in the cardiovascular system and the brain, and
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physiological changes occur in other systemic
organs as well. In the brain, vascular density
decreases, microembolic brain injury occurs, and
vessel basement membranes thicken, while endo-
thelial dysfunction and BBB permeability
increase [22]. All of these age-related changes
make the brain more susceptible to injury. In sys-
temic organs, physiologic reserve decreases with
age. Specifically, response to sympathetic stimu-
lation is reduced, pulmonary function decreases,
and medications might have different pharmaco-
logical effects. In addition, sarcopenia, the loss of
skeletal muscle mass and function, occurs with
age. When sarcopenia occurs, muscle mass is
reduced and fat mass is increased, resulting in a
marked weakness of muscle power. Thus, such
organ system dysfunctions make patients more
vulnerable to complications, such as sepsis and
cognitive decline, and also increase hospital stays.

15.1.3.2 Level of Consciousness

The level of consciousness in ICH patients
decreases when the ascending reticular activating
system is involved, which can occur in the fol-
lowing situations: (1) in a supratentorial hemor-
rhage where the reticular activating system is
widely spread, when the lesion is so large that it
affects the function of the contralateral hemi-
sphere, (2) when ICH occurs in the thalamus or
brain stem where the reticular formation is com-
pact, (3) when the brain stem is compressed by a
mass effect resulting from the ICH, and (4) when
metabolic insults, such as sepsis, affect the whole
brain function. The level of consciousness is
related to the “attack factors,” but it has greater
impact on the patient’s prognosis in its own right.
A decreased level of consciousness is a major
obstacle to treatment because (1) the patient
could more easily be exposed to infections, such
as aspiration pneumonia and pressure sores, and
(2) it becomes difficult to detect further neuro-
logical deterioration. For these reasons, the level
of consciousness on admission is an important
prognostic factor in patients with ICH.

15.1.3.3 Blood Glucose

In patients with diabetes, acute diseases generally
become more severe than in patients without dia-
betes, because diabetes induces a systemic pro-

inflammatory state [23]. In addition, diabetic
patients frequently have combined diseases in
other organs or systems, such as the kidneys and
the autonomic nervous system, which may lead to
an attenuation of appropriate protective responses
to ICH. Systemic hyperglycemia is more com-
monly induced in stress conditions, such as ICH,
in diabetic patients, which promotes lactic acidosis
and free radical production, and could lead to a
pro-inflammatory response in the brain. Therefore,
it is important to adjust the blood glucose level
appropriately in diabetic patients with ICH, and
intensive glucose lowering should be performed
from the beginning. However, in nondiabetic
patients with ICH, hyperglycemia is usually
caused by a stress response, SO controversy exists
regarding whether it should be controlled in these
patients. In a multicenter observation study con-
ducted in Korea, hyperglycemia has been reported
to be associated with early and long-term mortal-
ity in nondiabetic patients [24], but this result has
not achieved a broad consensus. Regardless of the
presence of diabetes, careful blood glucose moni-
toring is required in patients with ICH.

15.1.3.4 Fever and Infection

Acute ICH is frequently accompanied by fever.
This is because (1) patients become vulnerable to
infection after ICH and (2) noninfectious fevers
may occur due to systemic inflammatory response
syndrome or to the involvement of thermoregula-
tory centers in the hypothalamus or brain stem
(central hyperthermia) [25]. Fever often accom-
panies IVH. A clinical observation study reported
that 91% of ICH patients experienced a fever
>37.5°C, and 42% experienced a fever >38.5 °C,
during 72 h of body temperature monitoring, in
196 acute ICH patients. Fever persisted for more
than 24 h in 57% of patients [26]. When the fever
persisted for 2448 h, the likelihood of a poor
outcome (Glasgow Outcome Scale of 1 or 2,
equivalent to death or a vegetative state) increased
about 8-fold and increased about 13-fold for
patients experiencing a fever for 48 h or more
[26]. Fever is associated with increased intracra-
nial pressure, decreased cerebral blood flow, and
increased inflammatory cytokines and axonal
death, which may have a deleterious effect on
prognosis [27]. However, simply controlling the
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fever, without treatment of infection, did not
improve the prognosis of ICH [28]. Since patients
become vulnerable to indolent infections after
ICH, it is helpful to find the source of infections
and to treat them with appropriate antibiotics.

15.1.3.5 Antithrombotics

Thrombosis is required in order to inhibit expan-
sion of the hematoma during the initial stages of
ICH. Accordingly, the use of antithrombotics
prior to the onset of ICH, including antiplatelets
and anticoagulants, inhibits thrombosis in the
hematoma and, in turn, leads to a larger hema-
toma, producing poorer outcomes. A population-
based study indicated that ICH mortality
increased about 2.5-fold in patients with regular
aspirin use prior to ICH, compared to those not
using aspirin regularly [29]. In a prospective mul-
ticenter study, 141 patients with warfarin-related
ICH were treated with prothrombin complex
concentrate (PCC), and in-hospital mortality
remained high at 42.3%, although a prolonged
prothrombin time was corrected in a majority of
the patients [30]. Taken together, these data sug-
gest that prior use of antithrombotics is a strong,
poor prognostic factor in ICH.

15.2 SAH

It is well understood that aneurysmal SAH is the
most devastating form of stroke. Nevertheless,
6—17% of SAH patients achieve functional inde-
pendence and return to their previous occupa-
tions [31]. Thus, the prediction of outcome in
SAH patients is also essential for individualized
care. Basically, since the condition of patients
with SAH is likely to be grave from the outset,
the amount of hemorrhage and the neurological
severity at the initial stage are the most powerful
factors for determining outcomes. This informa-
tion can be easily investigated with neurologic
examinations and a CT scan at the time of presen-
tation. Other systemic factors, including age,
comorbidity, and fever, may also affect prognosis
in SAH patients. More importantly, a variety of
complications following SAH (e.g., rebleeding,
edema, hydrocephalus, SAH-induced -cardiac

dysfunction, and systemic hyperthermia) may
seriously influence the prognosis, depending on
the severity. For example, delayed territorial
infarction induced by vasospasm may be more
devastating in some cases. Therefore, it is of par-
amount importance to identify and closely moni-
tor patients at high risk for poor outcomes.

15.2.1 Clinical and Radiological
Grading Systems
15.2.1.1 Hunt and Hess Scale, Fisher
Scale, WFNS Scale, and Other
Prediction Models
In case of SAH, the clinical and radiological
grading at presentation is strongly correlated to
the overall prognosis. The three most commonly
used grading systems in SAH are the Fisher scale
(or the modified Fisher scale), the Hunt and Hess
scale, and the World Federation of Neurological
Surgeons (WFNS) scale (Table 15.1) [32-34].
The Fisher (or modified Fisher) scale is graded
by radiological findings, and WENS is graded by
the Glasgow Coma Scale and by focal neurologi-
cal deficits. The Hunt and Hess scale is graded by
the level of consciousness and by the neurologi-
cal deficit. These grading systems are used not
only to standardize patient assessments among
medical centers and to guide treatment decisions
but also to predict prognosis. Despite their com-
mon use in clinical practice, these grading sys-
tems have intrinsic limitations of high inter- and
intra-rater variability [35]. Because of these limi-
tations, many efforts have been made to develop
new prediction models, although none have been
found to be sufficiently accurate [36]. Recently,
the SAHIT  (Subarachnoid  Hemorrhage
International Trialists) multinational cohort study
group has developed and validated an outcome
prediction model of aneurysmal SAH by pooling
data from more than 10,000 records [37]. This
prediction model is categorized into a core,
neuro, and full model. The core model includes
age, premorbid hypertension, and WENS grade,
while the neuro model includes aneurysmal size,
location, and the Fisher scale, in addition to the
core model components. The full model includes
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Table 15.1 The Fisher scale, Hunt and Hess scale, and
World Federation of Neurological Surgeons (WEFNS)
scale [32-34]

Hunt and Hess WENS
Fisher scale scale scale
1 No blood Asymptomatic or ~ GCS 15, no
visualized minimal headache motor
and slight nuchal  deficit
rigidity
2 A diffuse Moderate-to-severe GCS 13-14,
deposition or thin headache, nuchal ~ no motor
layer with all rigidity, no deficit
vertical layers neurological deficit
(interhemispheric other than cranial
fissure, insular nerve palsy
cistern, ambient
cistern) <I mm
thick
3 Localized clots Drowsy, confusion, GCS 13-14,
and/or vertical or mild focal with motor
layers >1 mm deficit deficit
thickness
4 Diffuse or no Stupor, moderate-  GCS 7-12,
subarachnoid to-severe with or
blood, but with hemiparesis, without
intracerebral or  possibly early motor
intraventricular ~ decerebrate rigidity deficit
clots and vegetative
disturbances
5 Deep coma, GCS 3-6,
decerebrate with or
rigidity, moribund ~ without
appearance motor
deficit

repair modality (surgical clipping, endovascular
coiling, or conservative management), in addi-
tion to the neuro model. This model is the most
comprehensive prediction model to date, although
it requires further validation in additional inde-
pendent research groups.

Since SAH is a rapidly deteriorating disease
requiring quick decision-making, it is evident
that these three grading systems are useful and
practical. In most studies examining prediction
models for SAH, the WFNS, the Fisher scale,
and the Hunt and Hess scales appear to be better
predictive factors than any other parameters.
Taken together, these three grading systems are
the most useful tools for prediction of aneurys-
mal SAH outcomes, despite some intrinsic limi-
tations, which suggests how toxic the blood

component of the hemorrhage is, within the sub-
arachnoid space.

15.2.1.2 Aneurysmal Size
and Location

Aneurysmal size is a well-known poor prognos-
tic factor. The size of the aneurysm is not inher-
ently important, but the amount of bleeding may
be greater when a larger aneurysm is rup-
tured. It was reported that a poor outcome
after 12 months was five times more likely to
occur when the aneurysmal size is >13 mm [38].
In another study, aneurysmal size was graded into
three groups (<12 mm, 13-24 mm, and
>25 mm), and poor outcome was observed in
the >25 mm group [39].

In terms of the aneurysmal location, aneu-
rysms on the internal carotid artery showed the
best clinical outcome, followed by aneurysms on
the anterior cerebral artery, middle cerebral
artery, and the posterior circulation system [39].
Poorer outcomes associated with aneurysms of
the posterior circulation system are due to the
fact that such ruptures may extensively affect the
brain stem and the circle of Willis, while aneu-
rysms in other locations may affect more limited
regional brain areas.

15.2.1.3 Age and Premorbid
Hypertension

Among the clinical variables other than those
related to the SAH severity, age must be consid-
ered first for prediction models [36, 37]. With
age, the brain, as well as the cardiovascular sys-
tem and other systemic organs, naturally
undergo degenerative changes. Consequently,
brain structure and functions are more vulnera-
ble to SAH-induced injury in older patients, and
systemic organs are also susceptible to compli-
cations, such as infection and metabolic
dysfunctions.

In addition, premorbid hypertension should be
regarded as significant prognostic factors for
SAH outcome. In patients with long-standing
hypertension, the brain may have cumulative
arteriolosclerotic changes, which are more vul-
nerable to brain damage after SAH.
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15.2.2 Prediction of Complications
After SAH

As mentioned above, the overall outcome of SAH
is largely determined by the initial severity of the
SAH event. However, for physicians or intensiv-
ists who care for SAH patients, it may be more
important to predict complications following
SAH. SAH patients are at risk of experiencing
further clinical deterioration due to various com-
plications, such as delayed cerebral ischemia,
rebleeding, and hydrocephalus during hospital-
ization. If a prediction of the complications is
possible, physicians could apply various preven-
tive strategies, as well as more appropriate imme-
diate treatments (see also Chap. 10).

15.2.2.1 Vasospasm and Delayed
Cerebral Ischemia

Vasospasm is one of the most disastrous com-
plications following SAH, resulting in a delayed
infarction. There has been a great deal of inter-
est regarding the predictive factors of vaso-
spasm after SAH. It was reported that the
incidence of vasospasm may be associated with
a large SAH amount and also the presence of
combined IVH. However, the Fisher scale as a
conventional radiological grading was not able
to predict vasospasm, which may be because it
does not grade the presence of IVH in detail.
Thus, it was suggested that the modified Fisher
scale would better predict vasospasm and
delayed cerebral ischemia [40]. With respect to
the prediction of vasospasm, the modified
Fisher scale may be more useful than the origi-
nal Fisher scale. Other SAH scales, such as the
WENS and the Hunt and Hess scale, as well as
clinical variables such as cigarette smoking,
preexisting hypertension, diabetes mellitus, and
cocaine use, have also been reported to have
predictive values for vasospasm to some extent
[41-45].

15.2.2.2 Rebleeding

Rebleeding occurs in 8-23% of ruptured aneu-
rysmal SAH within 72 h [46]. According to a
meta-analysis, high systolic blood pressure, poor
Hunt and Hess scale scores (3—4), intracerebral
or intraventricular hematomas, posterior circula-

tion aneurysms, and aneurysms >10 mm in size
were risk factors for rebleeding [47]. In a single-
center trial, the modified Fisher scale (3—4) and
the external drain of cerebrospinal fluid were
associated with the incidence of rebleeding [48].
When rebleeding occurs in the initial survivor of
SAH, the mortality rate increases to 20-60%
[46]. Given that approximately 50-90% of
rebleeding occurs in the first 6 h, ultra-early
obliteration of the aneurysm should be conducted
in high-risk patients [46].

15.2.2.3 Hydrocephalus

Hydrocephalus occurs following SAH in about
20-30% of patients [49]. About 20% of hydro-
cephalus occurs during the acute phase (first
3 days), while the remainder occurs during the
subacute (4—14 days) or chronic phases (after
14 days) [49]. With hydrocephalus, cognitive
dysfunction or other focal neurological deficits
are further developed, and proper intervention,
such as external ventricular drainage, lumbar
drainage, or ventriculoperitoneal shunt, must be
immediately considered.

Hydrocephalus is caused by a sudden mechan-
ical obstruction of the circulation of the cerebro-
spinal fluid by blood clots either at the ventricles
or around arachnoid granulations. Accordingly,
hydrocephalus is likely to develop with large
amounts of blood after SAH. In a meta-analysis
study on shunt dependency after SAH-induced
hydrocephalus, high Fisher grade, acute hydro-
cephalus, in-hospital complications, presence of
intraventricular blood, high Hunt and Hess scale,
rebleeding, posterior circulation location of the
aneurysm, and age >60 years were shown to be
risk factors [50].

Conclusions

In this chapter, factors determining the prog-
nosis of ICH and SAH were thoroughly dis-
cussed. In ICH, the prognostic factors were
divided into three categories: attack factors,
protective factors, and systemic and neuro-
logical state. Except for some extreme cases,
the outcome of ICH is not determined by a
single category of prognostic factors but by a
combination of all three categories, which are
closely inter-related. In SAH, a devastating
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neurological emergency, the overall outcome
depends on the SAH grade and neurological
severity at symptom onset. However, even
when a poor outcome is predicted on admis-
sion, it is fundamental for physicians to rec-
ognize the risks of complications and monitor
their patients closely. Physicians should focus
on converting a high-risk patient into a better
outcome through timely intervention.
Through this chapter, we hope the reader will
logically categorize the predictive factors of
hemorrhagic stroke at the bedside, predict the
outcomes of patients, and use this informa-
tion for appropriate decision-making.
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16.1 The Aim and Principles
of Rehabilitation After

Hemorrhagic Stroke

The aim of stroke rehabilitation is to reduce dis-
ability resulting from ischemic or hemorrhagic
stroke. As a result of increasing evidence for its
efficacy, it is now recommended that all patients
with hemorrhagic stroke should have access to
multidisciplinary rehabilitation [1]. However, in
the absence of well-studied clinical data guiding
specific practice, the rehabilitation of hemor-
rhagic stroke is mainly based on general princi-
ples learned from rehabilitation of ischemic
stroke patients [2] (Fig. 16.1).

Stroke is a complex syndrome, and the reha-
bilitation process therefore requires a carefully
planned and integrated program. General princi-
ples have evolved over time to form the basis of
stroke rehabilitation. Multidisciplinary team care
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is the basis for the delivery of stroke rehabilita-
tion. The multidisciplinary team includes medi-
cal, nursing, physical, and occupational therapy,
speech and language pathology, and social work
staff who provide rehabilitation input and coordi-
nate their work through regular meetings.
Evidence suggests that a well-functioning multi-
disciplinary team approach is more effective than
the previous pathway [3]. Setting goals that repli-
cate the specific rehabilitation aims of an indi-
vidual can also improve functional outcomes. For
motor function recovery, task-specific training is
a well-accepted principle. Training should target
the tasks that are relevant for the needs of indi-
vidual patients and involve repeated practice. It is
believed that rehabilitation should begin as soon
as possible after stroke stabilizes and that inten-
sive training improves recovery.

16.1.1 Rehabilitation in Acute Stages

Numerous studies have provided evidence that
dedicated stroke units provide improved outcomes
compared with general medical units [3]. It is
important that rehabilitation is not a separate phase
of medical care but an integral part of medical
management and continues longitudinally through
acute care, post-acute care, and community care.
Patients who are managed in organized stroke
units in the acute phase of both ischemic and hem-
orrhagic stroke experience fewer immobility-
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Fig. 16.1 A conceptual diagram of principles of rehabilitation after hemorrhagic stroke. AchE acetylcholinesterase,

NMDAR N-methyl-p-aspartate receptor

related complications; this has been attributed to
earlier and better management, including early
mobilization and early rehabilitation.
Mobilization in stroke rehabilitation involves
a set of physical activities that may be started
passively but quickly progress to active participa-
tion by the patient. These activities include
changing positions, sitting up in bed, transferring
to a wheelchair, and walking. Early mobilization
may be beneficial by preventing or reducing
immobility-related complications, such as infec-
tions, deep vein thromboembolism, and falls.
Secondary changes associated with stroke-related
inactivity include deconditioning and muscle
atrophy. Bedside or active exercises, early gait
training, training in the performance of activities
in daily living (ADLs), and swallowing training
can be initiated during the acute poststroke phase.
Preclinical research has demonstrated a criti-
cal period of enhanced neuroplasticity early after
stroke. Studies of ischemic stroke have shown
that animals exposed to locomotor exercise
beginning 2448 h after stroke have better behav-
ioral outcomes and smaller ischemic volumes
than control animals who receive delayed or no
exercise training [4]. There is strong evidence

that early rehabilitation increases dendritic
sprouting and levels of brain-derived neuro-
trophic factor (BDNF) protein, decreases expres-
sion of inflammatory cytokines, tightens the
blood-brain barrier, suppresses apoptosis, and
promotes neurogenesis [5]. Rehabilitation effi-
cacy declines over time, suggesting that earlier
initiation of training may enhance recovery.

The above results provide a biological basis
for early training in humans, but recent results
from the phase III AVERT (A Very Early
Rehabilitation Trial for Stroke) trial raised con-
troversy about the role of very early mobilization
[6]. AVERT is a large-scale, multicenter, random-
ized controlled trial (RCT) that aims to assess the
effectiveness of frequent high-intensity very
early mobilization after stroke. Results of the
AVERT study suggested that a higher intensity
and very early mobilization protocol was associ-
ated with reduced odds of a favorable outcome at
3 months. However, the limitation of high-inten-
sity, frequent out-of-bed mobilization does not
indicate that early rehabilitation is harmful in
stroke patients. In fact, even in the “usual care”
group, which was the control group in the AVERT
study, the median time of first mobilization was
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22 h. It should also be noted that the AVERT trail
included both ischemic and hemorrhagic stroke.
Recently, a study from China reported the effect
of early rehabilitation in patients with intracere-
bral hemorrhage (ICH) [7]. This article showed
that commencing rehabilitation within 48 h of
intracerebral hemorrhage improves survival and
functional outcomes 6 months after stroke in hos-
pitalized patients.

In aneurysmal subarachnoid hemorrhage
(SAH), early mobilization is both feasible and
safe [8]. In SAH patients with clip ligation or
endovascular coiling, early mobilization reported
to produce a favorable outcome as measured by
the Hunt and Hess scale [9]. Some clinicians
believe that total bed rest for 4-6 weeks is a basic
intervention to avoid rebleeding in SAH patients
who are not candidates for surgical treatment or
who prefer conservative management. However,
according to a recent Cochrane review that exam-
ined delayed mobilization in terms of rebleeding
in these patients, there is no evidence to support
or against staying in bed for at least 4 weeks after
symptom onset in patients with aneurysmal SAH
who were not eligible for surgical treatment of
aneurysm [10]. To establish the optimal timing of
rehabilitation in this group, further study is
needed. Dose-response analysis of the efficacy of
rehabilitation after hemorrhagic stroke also needs
to be investigated.

16.1.2 Rehabilitation in Subacute
to Chronic Stages

The subacute phase of stroke is the period when
most functional recovery takes place; therefore,
intensive, task-specific, and repetitive training is
required at this time. Although the care of stroke
survivors is organized in a variety of different sys-
tems around the world, it is recommended that
stroke patients be admitted or transferred to a
dedicated stroke rehabilitation unit where com-
prehensive rehabilitation intervention can be pro-
vided. Comprehensive rehabilitation in an
organized multidisciplinary stroke unit improves
patient survival and their ability to return home
and regain independence in daily activities com-

pared with treatment in general wards [3].
Comprehensive stroke rehabilitation occurs in
specific systems of care based on the patient’s
symptoms and severity. Thus, before starting
comprehensive and intensive rehabilitation, a
detailed assessment should be performed for vari-
ous aspects of function. Most stroke survivors
experience impairment in motor, language, and
cognitive function and a decline in ADLs; how-
ever, these symptoms manifest in various patterns
and severity. Therefore, the physician should
determine the goals of rehabilitation and prescribe
specific treatment that helps each patient achieve
them based on scientific evidence and experience.
Prediction of functional recovery and long-term
outcome after stroke is important in determining
the appropriate treatment and timing of rehabilita-
tion. Demographic and clinical factors including
lower initial Barthel index, older age, severe pare-
sis or paralysis, swallowing problems, ideomotor
apraxia, ideational apraxia, visuospatial construc-
tion problems, and stroke-related complications
such as extraparenchymal bleeding and cerebral
edema are negative prognostic factors for ambula-
tion and ADLs after stroke [11]. More recently,
neurophysiological markers and neuroimaging
biomarkers that predict functional recovery and
long-term outcomes after stroke have been sug-
gested. Accumulated evidence supports motor
evoked potential (MEP) status as a useful bio-
marker for predicting upper limb motor recovery
and outcomes. Neuroimaging biomarkers of cor-
ticomotor tract integrity, such as fractional anisot-
ropy of corticospinal tract in diffuse tensor
imaging, can also predict motor outcomes [12].
However, there is currently no consensus regard-
ing the optimal neuroimaging measures.

16.2 Rehabilitation of Specific
Symptoms After Stroke

16.2.1 Motor Impairment

Motor impairment is one of the most common
consequences following stroke, affecting as
many as 77.4% of patients with acute stroke [13].
Motor impairment after stroke affects the
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patient’s mobility and limits ADLs, participation
in society, and their chance of returning to profes-
sional activities. Strength, motor control and
coordination, muscle tone, joint laxity, and bal-
ance may all be affected by stroke. Motor recov-
ery begins within hours to days after stroke. Most
of the spontaneous recovery occurs during the
first 3—6 months after stroke; however, there is
evidence that recovery may continue for many
years [14].

In the acute phase of stroke, the hemiparetic
limbs may be completely paralyzed, which might
increase the risk for the development of contrac-
tures. Rehabilitation in this phase should consist
of proper positioning of the patient in bed and
support of the arm in a bed or wheelchair when
sitting. All affected joints should go through gen-
tle passive range of motion exercise at least once
daily to prevent contractures, especially of the
shoulder, wrist, fingers, hip, and ankles. The use
of static resting splints for hand and ankle can
help prevent contractures and maintain functional
position in these joints.

A variety of approaches have been advocated
to facilitate and enhance motor recovery.
Traditional rehabilitation approaches include
neurodevelopmental (NDT) exercises, the Rood
technique, and proprioceptive neuromuscular
facilitation (PNF). Neurodevelopmental (NDT)
exercise inhibits abnormal postures and move-
ment and aims to facilitate isolated muscle con-
trol. Rood proposed a technique that incorporates
cutaneous stimuli to facilitate movement.
Proprioceptive neuromuscular facilitation (PNF)
relies on quick stretching and manual resistance
of muscle activation of the limbs in functional
directions. Although accumulating evidence over
many years has validated conventional rehabilita-
tion, nearly half of patients with stroke exhibit
long-term motor impairment and dependence for
ADL living.

Constraint-induced ~ movement  therapy
(CIMT) was developed to overcome upper limb
impairments after stroke. CIMT involves per-
forming supervised structured tasks with the
affected limb for 6 h a day for 10 days over a
14-day period, in addition to wearing a restrictive
mitt or sling for 90% of waking hours. CIMT has

been shown to be an effective means of stroke
rehabilitation regardless of the level of initial
motor ability, amount of chronicity, or infarct
location. However, CIMT is only applicable to
patients who are able to perform voluntary wrist
and finger extension in the involved hand for the
duration of the treatment.

Neuromuscular electrical stimulation (NMES)
over a muscle induces muscle contractions.
NMES can be delivered via electrodes placed
near the peripheral nerve or near the muscle
motor point and can be used to elicit simple mus-
cle contractions without user effort and without
being triggered by the user. In addition, NMES
can be proportionally linked to user effort via
electromyography (EMG) activity; when the
stroke patient attempts the task and the EMG sig-
nal of the voluntary contraction exceeds a preset
threshold, electrical stimulation is delivered to
the target muscle to develop movement through
to full range. NMES can be considered for both
upper extremity and lower extremity. In the upper
extremity, NMES and mental practice combined
with repetitive and intense motor practice of
functional tasks should be considered. In the
lower extremity, NMES can be recommended as
an adjunctive treatment for patients with impaired
muscle contraction, specifically for patients with
impaired gait due to ankle/knee motor impair-
ment [15]. NMES can be utilized for individuals
with acute or chronic deficits after stroke.

16.2.2 Cognitive Impairment

After stroke most patients experience some dis-
turbance in cognitive function, and many have
enduring difficulties in specific cognitive
domains, such as attention, memory, spatial
awareness, and executive function. Cognitive
impairment has a significant impact on ADL and
is one of the most difficult impairments to man-
age. Cognitive impairment is associated with size
and location of the lesion and the presence of pre-
morbid factors such as age, education, prior
stroke, and dementia.

A bedside mental status assessment should be
performed in all stroke patients. The mini-mental
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state examination (MMSE) is the most widely
used tool to screen cognitive function in stroke
patients; however, it does not provide full cogni-
tive assessment. Thus, patients with detected
cognitive impairment during the screening pro-
cess should be further examined with formal neu-
ropsychological tests.

Cognitive rehabilitation is a specialized treat-
ment procedure that aims to help cognitively
impaired patients recover normal functioning or
compensate for cognitive deficits. Cognitive
rehabilitation provides an individualized program
of skills training according to each patient’s spe-
cific needs. Clinical and laboratory evidence sup-
ports the effect of cognitive rehabilitation in
attention deficit, memory deficit, spatial neglect,
and perceptual disorders [3]. Pharmacologic inter-
ventions may also be recommended in patients
with cognitive impairment. Acetylcholinesterase
inhibitors, specifically galantamine, donepezil,
and rivastigmine, should be considered in patients
with vascular dementia or vascular cognitive
impairment in the doses and frequency used for
Alzheimer’s disease. NMDA receptor inhibitors,
such as memantine, have also attracted attention
for use in patients with vascular dementia or vas-
cular cognitive impairment.

16.2.3 Speech and Language
Disorders

Approximately half of stroke survivors experi-
ence disorders in speech and language.
Impairment of language is called aphasia and
occurs when the dominant hemisphere is affected.
Speech is a term that refers to the motor mecha-
nism involved in the production of spoken words.
The most common speech disorders in stroke are
dysphonia and dysarthria.

Aphasia and speech disorders cause commu-
nication difficulties between patients and reha-
bilitation staff or caregivers in the early stage of
stroke, resulting in difficulty in comprehensive
assessment of the patient. Aphasias can be classi-
fied based on fluency, comprehension, and repeti-
tion. All patients are assumed to have impaired
naming and some paraphasic errors. First, apha-

sias are divided into two main categories: fluent
aphasias (able to produce connect speech, and
sentence structure is relatively intact but lacks
meaning) and nonfluent aphasias (speech produc-
tion is halting and effortful, and grammar is
impaired, but content words may be preserved).
Impaired fluency, impaired comprehension, and
impaired repetition are referred to as global apha-
sia. A patient with normal fluency and compre-
hension but impaired repetition has conduction
aphasia. Broca’s aphasia is characterized by
impaired fluency and repetition, while compre-
hension is relatively spared. In contrast,
Wernicke’s aphasia is fluent, but repetition and
comprehension are both impaired. Individuals
with impaired fluency and normal comprehen-
sion, as in Broca’s aphasia, but with spared repe-
tition have transcortical motor aphasia.
Individuals with normal fluency but impaired
comprehension, as in Wernicke’s aphasia, but
with intact repetition have transcortical sensory
aphasia. In patients with mixed transcortical
aphasia, fluency and comprehension are both
impaired, as in global aphasia, but repetition is
intact. Finally, patients with normal fluency, nor-
mal comprehension, and normal repetition but
some naming difficulties have anomic aphasia.
Although aphasia and speech disorders
recover spontaneously as time elapses after
stroke onset, in a substantial number of patients,
persistent residual disability leads to difficulties
returning to daily life and society. Therefore,
patients with stroke in the dominant hemisphere
or suspected communication problems after
stroke should consider standardized language
evaluation performed by a speech-language ther-
apist. A number of strategies and techniques have
been developed for the treatment of aphasia.
Melodic intonation therapy is a language produc-
tion therapy for severely nonfluent aphasic
patients that use non-injured functioning neural
pathways in the non-dominant hemisphere to
restore language. Constraint-induced aphasia
therapy (CIAT) is a relatively new technique to
improve aphasia in stroke patients. CIAT consists
of three components: (1) patients are strongly
encouraged to use verbal communication
approaches rather than nonverbal methods like
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gestures; (2) there is a massed practice of tar-
geted language skills; (3) and the difficulty of
required tasks is gradually increased according to
patients’ functional performance [16]. For dysar-
thria and dysphonia, respiratory training,
strengthening oromotor speech muscles, and sen-
sory stimulation may be helpful. An individual-
ized rehabilitation plan should be established
according to the subtypes and severity of aphasia
and speech disorders.

16.2.4 Evaluation and Treatment
of Dysphagia

Dysphagia is found up to 78% of patients with
stroke and is an important risk factor for aspira-
tion pneumonia [17]. It generally has a favorable
prognosis but may be more severe and persistent
in patients with brainstem lesions or with bilat-
eral hemispheric stroke [18]. There are many rea-
sons for dysphagia in patients with stroke, such
as reduced laryngeal elevation, insufficient upper
esophageal sphincter (UES) opening, vocal fold
weakness, and severe weakness in oropharyngeal
muscles. Dysphagia after stroke is often underdi-
agnosed because silent aspiration occurs in up to
two-thirds of patients with dysphagia after stroke.
To maximize recovery and minimize negative
consequences, early detection of dysphagia must
be followed by proper management.

16.2.4.1 Bedside Swallowing

Evaluation

Protection against aspiration (and resulting pneu-
monia) includes avoiding oral feeding in patients
who are not alert. Even in alert patients, the abil-
ity to swallow should be assessed carefully before
starting oral intake of fluids or food. This is
achieved through a bedside screening assessment
that can be efficiently completed by the physician
or nursing staff. The process generally includes
giving the patient a small drink of water and
observing for signs for aspiration. A wet voice
and spontaneous cough after swallowing are pre-
dictors of high aspiration risk. Several standard-
ized screening tests for stroke have been
developed, such as the Gugging Swallowing

Screen test or the Toronto Bedside Swallowing
Screening Test [19, 20]. If patients have signs of
aspiration such as cough or fail on a screening
test, a video fluoroscopic swallowing study
(VESS) or flexible endoscopic evaluation of
swallowing (FEES) should be performed to con-
firm the diagnosis.

16.2.4.2 Treatment of Dysphagia
Approaches for management of dysphagia can be
differentiated into compensatory and rehabilita-
tive strategies. Compensatory strategies aim to
keep patients safe when eating, whereas rehabili-
tative strategies aim to promote the recovery pro-
cess. Compensatory strategies include pharyngeal
bypass, dietary modifications, and postural tech-
niques. In the acute phase, a nasogastric (NG)
tube should be considered as a primary choice for
compensation of dysphagia in stroke patients.
Patients who are lying flat in bed are at signifi-
cant risk for regurgitation and aspiration; there-
fore, the head of the bed should be kept elevated
during tube feeding. Patients with swallowing
difficulty should start feeding with modification
of the consistency of food. In general, thinner flu-
ids are more easily aspirated.

Swallowing maneuvers may decrease the risk
of aspiration during swallowing. The chin tuck
maneuver can reduce aspiration by bringing the
epiglottis and the aryepiglottic fold closer
together, thus closing the airway during swallow-
ing. The head turn maneuver involves rotating the
head to the paretic side. In unilateral pharyngeal
weakness, turning the head to the paretic side can
divert the bolus to the intact side. Mendelsohn
maneuver is a voluntary prolongation of
hyolaryngeal elevation at the peak of the swal-
low, leading to UES opening and airway closure.

In addition, rehabilitative strategies, such as
oral sensory stimulation, transcutaneous neuro-
muscular electrical stimulation (NMES), or indi-
rect techniques, may improve swallowing
physiology. A number of dysphagic stroke
patients have decreased oral sensory awareness.
Thus, techniques such as thermal/tactile simula-
tion of pharyngeal swallow can increase sensory
awareness in the oral cavity pre-swallow and
reduce the delay between the oral and pharyngeal
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swallow. NMES has become quite popular; how-
ever, there is not enough evidence supporting this
practice. Clinical guidelines of the American
Heart Association (AHA)/American Society of
Anesthesiologists (ASA) state that NMES treat-
ment in stroke dysphagia has uncertain benefit
and is currently not recommended [21]. Shaker
exercise is an isotonic-isometric neck flexion
exercise performed in the supine position. This
exercise improves sphincter opening and thereby
reduces post-swallow pharyngeal residue [22].

16.3 Novel Therapies in Stroke
Rehabilitation

An increasing number of researchers are pursu-
ing the use of new technologies to improve the
efficacy of rehabilitation. Over the last decade,
numerous devices for robotic-assisted training
have been developed to move the patient’s limbs
under the supervision or help of a therapist. The
types of robotic devices used for motor training
can be parsed into two broad categories of end-
effector type and exoskeleton type, each with
their own strengths and weaknesses. End-effector
devices work by applying mechanical forces to
the distal segments of limbs and offer the advan-
tages of easy setup and a relatively large degree
of freedom but also limit control of the proximal
joints of the limb, which could result in abnormal
movement patterns. In contrast, exoskeleton-type
robotic devices have the robot axes aligned with
the anatomical axes of the wearer. These robots
provide direct control of individual joints and
gait cycle, which can minimize abnormal posture
or movement [23]. Thus, the benefits or disad-
vantages of each device should be considered
when they are applied to stroke patients.

Robots enhance conventional poststroke reha-
bilitation by allowing patients to perform early,
intensive, and task-oriented exercises [24]. A
recent Cochrane review reported that patients
who receive robot-assisted gait training in combi-
nation with physiotherapy after stroke are more
likely to achieve independent walking than those
who receive gait training without these devices
[25]. Specifically, stroke patients within the first

3 months after onset and those who are not able
to walk seem to benefit most from this type of
intervention. In addition, robot-assisted therapy
for arm and hand training after stroke might
improve the patient’s ADLs, arm and hand func-
tion, and arm and hand muscle strength [26].
However, the results should be interpreted with
caution because the quality of evidence was low
to very low in arm and hand training.
Noninvasive brain stimulation has recently
gained attention due to its effectiveness and
safety. Repetitive transcranial magnetic stimula-
tion (rTMS) and transcranial direct current stim-
ulation (tDCS) are the best-known noninvasive
brain stimulation techniques that modulate
human brain function. rTMS modulates cortical
excitability, and the effect depends on the pacing
rate: high-frequency stimulation (=5 Hz)
increases cortical excitability, whereas low-fre-
quency stimulation (<1 Hz) decreases cortical
excitability. Numerous studies have provided evi-
dence that high-frequency rTMS over the ipsile-
sional primary motor cortex improved motor
function in both acute and chronic stroke patients
[27]. Another study demonstrated that the stimu-
lation effect persisted even 3 months after the
intervention [28]. In addition, rTMS enhances
the effect of training on cognitive impairment,
aphasia, dysphagia, and depression [29]. tDCS
delivers weak polarizing direct currents to the
cortex via paired electrodes placed on the scalp.
At the neuronal level, it causes a polarity-depen-
dent shift of resting membrane potential. Anodal
stimulation increases the cortical excitability, and
cathodal stimulation decreases the cortical excit-
ability. The tDCS device is relatively cheap, por-
table, and easy to apply. Thus, it could be used as
a stand-alone technique or as an add-on tech-
nique to enhance cortical excitability during
rehabilitation. Anodal tDCS on the motor cortex
has been shown to increase corticomotor excit-
ability and improve motor function in stroke
patients [30]. Also, the latest Cochrane review
demonstrated that tDCS enhances ADL function
in stroke patients, but there is limited evidence
for enhanced speech-language therapy [31, 32].
However, there are many ongoing trials that
could change the quality of evidence in the future.
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Virtual reality (VR) has emerged as a new
treatment approach in stroke rehabilitation. The
advantage of VR therapy is that it can provide the
opportunity to practice activities that cannot be
practiced within the clinical environment.
Moreover, VR therapy can also give a sense of
immersion in the simulated environment and may
provoke motivation in stroke patients. Evidence
for the effectiveness of VR in improving arm
function and ADLs has been accepted; however,
the effectiveness of VR in walking or global
function has not been established [33].

Emerging evidence supports improved out-
comes and the potential clinical implications of
novel therapies in stroke rehabilitation. Ongoing
research will need to investigate the optimal
treatment dose, timing of intervention, duration
of intervention, and ideal patient population for
these therapies.

16.4 Early Supported Discharge
and Outpatient
Rehabilitation Service

Once patients are medically stable and require
less intensive management, the patient can be
transitioned to another level of rehabilitation
care. Early support discharge is defined as accel-
erated discharge of patients with stroke from the
hospital and provision of an equivalent rehabili-
tation program in their home. Evidence shows
that early supported discharge results in patients
returning home earlier with a reduced need for
long-term institutional care. Moreover, these
patients show an increased likelihood of regain-
ing independence in ADL. These services seem
to be most effective in patients with mild to mod-
erate disability.

Many stroke patients need rehabilitation after
their discharge from hospital. Outpatient reha-
bilitation systems are organized differently
around the world, and rehabilitation services can
be provided through a clinic or day hospital or
even in the patient’s home. However, there is no
clear information on the optimum intensity and
duration of outpatient rehabilitation. Although
some patients do not seem to show functional

improvement, they may still need rehabilitation
for many years. Late issues may include joint
contracture, musculoskeletal pain, depression,
deconditioning, spasticity, and osteoporosis.
Patients with substantial residual disability from
a stroke are likely to benefit from periodic assess-
ment in an outpatient rehabilitation clinic.

16.5 Prevention and Management
of Stroke Complications

Complications following stroke are common and
are associated with poor clinical outcomes,
increased length of stay in hospital, increased
cost of care, delayed time to rehabilitation, and
increased mortality [34]. These complications
include seizure, hydrocephalus, venous thrombo-
embolism, genitourinary complications, infec-
tions, pressure sore, musculoskeletal pain, and
depression. The role of the rehabilitation depart-
ment is rapid identification and initial workup of
these stroke complications.

16.5.1 Seizure and Seizure
Prophylaxis

Patients with hemorrhagic stroke are exposed to a
substantial risk of seizures. The incidence of sei-
zure and epilepsy in hemorrhagic stroke varies, in
part because of differences between ICH and
SAH. In ICH, the largest published series showed
a 30-day risk of clinical seizures of 8.1% [35].
Literature on SAH has reported the seizure rate to
be as high as 27% [36]. Fewer than 10% of
patients with ischemic stroke develop seizure.
Seizures occur at various time points after hem-
orrhagic stroke but most occur within the first
week. Late-onset seizures occur at least 2 weeks
after a stroke and are commonly encountered
6 months to 2 years after stroke but can occur
several years later. The rate of development of
chronic epilepsy is higher in patients with late-
onset seizures.

Administration of prophylactic antiepileptic
drugs (AEDs) for hemorrhagic stroke patients
has been considered. AEDs may possess neuro-
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protective effects against hemin toxicity; how-
ever, they may also have adverse effects such as
cognitive dysfunction. Recent studies have shown
that prophylactic use of AED results in unchanged
or worse outcomes and does not prevent long-
term seizures. Thus, administration of an AED in
all hemorrhagic stroke patients is now discour-
aged by the AHA. In a rehabilitation setting,
AEDs should be tapered off in hemorrhagic
stroke patients without a history of seizure or
high-risk factors for epilepsy, including cortex
involvement, lobar ICH, young age, and severe
stroke. Future trials are needed to identify patients
who may benefit from prophylactic antiepileptic
drug use. Until then, the management of seizures
after stroke should be similar to the management
of seizures in other neurologic illnesses.

16.5.2 Hydrocephalus

Hydrocephalus after hemorrhagic stroke can occur
in both SAH and ICH, although it is better known
as a consequence of SAH. Hydrocephalus may
develop immediately after SAH due to obstruction
of the ventricular system from intravenous hemor-
rhage or after several weeks as a late complication
resulting from arachnoiditis from blood in the
cerebrospinal fluid (CSF). In ICH, hydrocephalus
is usually associated with intraventricular exten-
sion (IVE) of the hemorrhage or CSF outflow
obstruction from mass effect.

Recent studies have shown that hydrocephalus
is a predictor of poor outcome in hemorrhagic
stroke [37]. Chronic hydrocephalus, typically
normal pressure hydrocephalus (NPH), usually
occurs during rehabilitation treatment in stroke
patients. When NPH occurs during the rehabilita-
tion phase, it interferes with recovery because of
impairments to rehabilitation therapy. It is very
important for clinicians to diagnose NPH as soon
as possible; otherwise functional recovery may
be delayed or less than expected. There is no
doubt that patients with high-pressure hydro-
cephalus must be treated through CSF diversion
with a ventriculoperitoneal shunt (VPS).
However, the optimal treatment of NPH is cur-
rently undetermined. In a recent study, the authors

reported that patients with NPH might benefit
more from VPS placement and rehabilitation
than from rehabilitation alone [38]. Further study
is needed to provide evidence for the standard
treatment protocol for NPH after stroke.

16.5.3 Venous Thromboembolism

The incidence of venous thromboembolism
(VTE) is as high as 50% for deep vein thrombo-
sis (DVT) and 13% for pulmonary embolism
(PE) among all stroke patients [39]. DVT may
limit participation in rehabilitation and can lead
to potentially fatal PE. Therefore, all patients
with significant immobility related to stroke
should receive DVT prophylaxis. For patients
presenting with a hemorrhagic stroke, intermit-
tent pneumatic compression devices should be
used on the day of admission. Once cessation of
bleeding is confirmed, a low dose of low-molec-
ular-weight heparin or unfractionated heparin
can be considered for patients with restricted
mobility after 1-4 days post-event. Prophylactic
use of low-dose subcutaneous heparin or low-
molecular-weight heparin reduces the incidence
of DVT, PE, and total mortality. In particular, in
cases of hemorrhagic stroke, treatment with low-
dose low-molecular-weight heparin reduced the
risk of DVT without an increase in the risk of
major intracranial or extracranial hemorrhage. In
a meta-analysis of 1000 ICH patients, early hepa-
rin prophylaxis for VTE was associated with a
significant reduction in PE, a nonsignificant
reduction in DVT or mortality, and a nonsignifi-
cant increase in hematoma enlargement [40].
AHA guidelines for ICH management indicate
that after documentation of hematoma stability,
low-dose subcutaneous low-molecular-weight
heparin may be initiated 1-4 days after ICH for
prevention of VTE [1].

In patients who cannot safely take these medi-
cations, intermittent pneumatic compression
combined with elastic stockings is an effective
alternative, particularly in the acute hospital
phase. Graduated compression stockings alone
are ineffective in preventing DVT in patients with
ischemic or hemorrhagic stroke. The optimal
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duration of prophylaxis remains uncertain,
although it is recommended to discontinue its use
once patients are able to walk significant dis-
tances on a frequent basis.

All patients with suspected DVT should
undergo prompt investigation by venous duplex
ultrasound imaging. Routine screening examina-
tions are not generally used in this population at
present. In patients who develop VTE following
hemorrhagic stroke, systemic anticoagulation
with low-molecular-weight heparin is recom-
mended. In patients with recent hemorrhage or
hematoma instability, an inferior vena cava filter
should be inserted to prevent PE.

16.5.4 Genitourinary Complications

Urinary function can be affected in several ways
by stroke, including urinary tract infection, urinary
retention, and urge incontinence. In acute stroke,
the most common reason for incontinence after
stroke in uninhibited evacuation of bladder.
Urinary retention can occur in one-third of stroke
patients. This is caused by altered mental status or
direct effects of the stroke on the neurological con-
trol of micturition and is associated with cortical
stroke, diabetes, aphasia, and cognitive impair-
ment. Catheterization, often with an indwelling
catheter, is common during the acute management
stage of the stroke survivor. Although this allevi-
ates acute urinary retention, it may lead to urinary
infection and interferes with reestablishment of a
normal voiding pattern. Indwelling catheters
should be removed as quickly as possible and sub-
stituted with intermittent catheterization for indi-
viduals unable to void spontaneously. Noninvasive
measurement of bladder volume using ultrasound
is often helpful when managing individuals with
impaired bladder function after stroke.

Although urinary retention generally resolves
quickly in affected stroke survivors, many
develop urinary urgency and/or incontinence.
Disinhibition of the bladder detrusor is common
and leads to urinary frequency and urgency that
may result in incontinence in some individuals.
Timed voiding is the primary treatment strategy
for patients with persistent uninhibited bladder.

This strategy is approached by scheduling regular
voiding before the urge to urinate occurs. In these
patients urodynamic study is usually not neces-
sary, but noninvasive measurement of bladder
volume using ultrasound can be helpful. If resid-
uals are high, the use of an a-blocking agent such
as tamsulosin may promote complete voiding. If
the voiding is complete, anticholinergic medica-
tions such as oxybutynin chloride or tolterodine
are useful to inhibit bladder contraction, but in
this case, the patient should be monitored for sign
and symptoms of urinary retention. Also, these
medications may cause anticholinergic side
effects such as dry mouth or confusion.

16.5.5 Infections

Infection is a common complication in the acute
phase after stroke that greatly affects morbidity
and mortality in stroke patients. The most com-
mon sources of poststroke infection include
pneumonia and urinary tract infection (UTI). A
recent study reported that respiration infection
was the most common infection in ICH, fol-
lowed by UTI (17% and 16%, respectively)
[41]. Pneumonia occurs in about one-third of
patients with stroke, although the incidence is
higher in the subset of patients who have
SAH. Dysphagia can cause aspiration and result
in pneumonia. Also, immobility and atelectasis
can lead to the development of pneumonia.
Thus, early mobilization and sufficient pulmo-
nary care should be encouraged to prevent pneu-
monia. Prophylactic antibiotics for prevention
of pneumonia are proven to be ineffective in
stroke patients [42].

Patients with stroke are at a particularly high
risk for developing UTI, whether catheterized or
not. Urinary tract infections occur up to 24% of
patients with stroke and are most often seen dur-
ing the first 5 days of hospitalization although
they can occur up to 3 months after stroke.
Variables associated with an increased likelihood
of UTI after stroke include female sex, older age,
functional dependence before stroke, poor cogni-
tive function, and catheterization [43]. Urinary
tract infection is an independent factor for unfa-
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vorable outcomes and prolonged hospitalization.
Thus, reducing UTI after stroke could improve
outcomes, reduce length of stay, and decrease the
cost of care. Clinicians should minimize the use
of catheters in stroke patients; catheters should
only be placed in patients with stroke in case of
acute urinary retention or a patient who requires
strict monitoring of fluid status due to a critical
medical illness. The catheter should be removed
as soon as possible, and intermittent catheteriza-
tion can be applied to decrease infection risk.

16.5.6 Pressure Sores
and Ulcerations

Pressure sore and ulceration are substantial prob-
lems that may occur in patients with decreased
mobility. Stroke patients who are hemiplegic,
lethargic, or incontinent are at high risk for devel-
oping pressure ulcers. Stroke rehabilitation
guidelines recommend that a thorough assess-
ment of skin integrity be completed upon admis-
sion with monitoring at least daily thereafter.
Deliberate strategies should be followed to pre-
vent skin breakdowns, including proper position-
ing, turning, and transferring techniques and
judicious use of barrier sprays, lubricants, special
mattresses, and protective dressings and padding
to avoid skin injury due to maceration, friction, or
excessive pressure.

16.5.7 Musculoskeletal Pain
and Complex Regional Pain
Syndrome

Shoulder and arm pain is a common complica-
tion in stroke survivors that restricts patients’
daily life after stroke. It tends to develop early, at
several weeks to 6 months after stroke. Previous
studies found that almost one-third of stroke
patients developed shoulder pain after stroke
onset, the majority with moderate to severe pain.
There is an increased risk of shoulder pain for
patients with impaired arm motor function, sen-
sory impairment, duration of hemiplegia, and
decreased shoulder range of motion [44].

Shoulder pain in stroke survivors results from
varying combinations of glenohumeral sublux-
ation, spasticity, and contraction. Among these,
subluxation is the most common cause. Shoulder
subluxation in hemiplegia refers to increased
translation of the humeral head relative to the gle-
noid fossa and occurs in almost half of stroke
patients with shoulder pain [45]. Shoulder sub-
luxation is evident on physical examination, and
imaging studies are not necessary in most situa-
tions. Neuromuscular electrical stimulation to the
deltoid and supraspinatus muscles delivered via
electrodes placed on the skin surface can reduce
shoulder subluxation and pain [46].

Complex regional pain syndrome (CRPS)
type 1 is a constellation of symptoms. The inci-
dence of CRPS remains controversial. The diag-
nosis can be made by medical history and
physical examination; however, the gold standard
method is three-phase bone scintigraphy in which
radionuclide uptake is seen in a typical pattern
involving the shoulder, wrist, and hand. Initial
treatments are oral prednisolone and exercise.
Preventative measures, including frequent pas-
sive range of motion and desensitization with
massage, may contribute to the reduction in the
occurrence of this syndrome.

16.5.8 Depression

Depression is an important and common compli-
cation of stroke, with reported frequencies ranging
from 10 to 40% [47, 48]. The natural history of
poststroke depression (PSD) is dynamic, although
symptoms most frequently develop in the first
year. Known predictors of PSD include physical
disability, stroke severity, underlying depression
before stroke, and cognitive impairment.

While no clear evidence indicates that improve-
ment of PSD is independently associated with
functional improvement, untreated depression can
negatively impact the patient’s ability to partici-
pate in rehabilitation and result in delayed recov-
ery and poorer outcome. Several studies have
shown that not only poststroke major depression
but also mild depression or even depressive symp-
toms have a negative influence on the functional
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recovery of patients after stroke [49]. Active treat-
ment should be considered for all patients with
significant clinical depression. Patients with PSD
generally respond well to standard antidepressant
medications, with selective serotonin reuptake
inhibitors (SSRIs) being commonly prescribed.
The AHA recommends that the use of antidepres-
sant should be continued for at least 6 months after
recovery of depressed symptoms [50]. Stimulant
medications, such as methylphenidate, may also
be applied to boost the response and achieve more
rapid improvement.

16.6 Suggestions from Clinical
Practice Guidelines

The current state of evidence for rehabilitation
after hemorrhagic stroke is limited; therefore,
most rehabilitation methods for hemorrhagic
stroke follow general principles acquired from
evidence in ischemic stroke rehabilitation.
However, it is clear that all patients with hemor-
rhagic stroke should start early rehabilitation
after stabilization of medial and neurological sta-
tus. Patient motor function, cognitive function,
language and communication ability, swallow-
ing, and emotional status should be evaluated as
early as possible. Comprehensive rehabilitation
provided by a multidisciplinary stroke care team
is recommended for hemorrhagic stroke patients,
although optimal rehabilitation parameters
including content, onset time, dose, intensity, and
duration still need to be established for this spe-
cific group. Early- and late-phase complications
may negatively affect the functional outcome of
survivors after hemorrhagic stroke. Thus, preven-
tion and management of stroke complications are
essential components of stroke rehabilitation.
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